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Foreword 





Isolopes and Radialion Technology is a Technical Progress Review prepared by the Iso- 
topes Development Center, Oak Ridge National Laboratory, at the request of the Divisions 
of Technical Information and Isotopes Development, U. S. Atomic Energy Commission. 
This Review is intended to assist those interested in keeping abreast of significant 
developments in the fields of isotopes and radiation technology. It is not a comprehensive 
review of all literature published in this field during a given quarter; rather, itis a 
mechanism for presenting concise, selected reviews of information on subjects of 
prevailing Commission interest as it becomes available. 

This Review attempts to relate the published results of research and development 
sponsored by the Division of Isotopes Development to significant developments in radio- 
isotopes and radiation technology, as reported in the world literature. Coverage includes 
isotope production and development, isotope technology development, isotope applications 
technology, process radiation development, and radiation processing of food and medical 
supplies. 

In addition to reviews of current literature and special review articles dealing with 
specific isotopes, facilities, and applications, this publication occasionally contains feature 
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therefore readers are encouraged to consult the original references in order to obtain all 
the background of the work reported and the interpretation of the results given by the 
original authors. 

The subject headings listed below have been adopted to help maintain continuity and 
order, from one issue to the next, in the material reviewed. All reviews, except Feature 
Articles, will be arranged under these headings; but any one issue will not necessarily 
contain all the headings. 
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Isotope Separations 
Chemistry 


The separation and purification of isotopes 
involve many of the traditional chemical pro- 
cedures but also take advantage of numerous 
specialized techniques developed by the pro- 
cessing chemists. In the next several issues of 
Isotopes and Radiation Technology, we plan to 
cover some of the procedures used—both for 
general separations and for isolation of specific 
products. 

Processes for purification of enriched stable 
isotopes lean, perhaps, toward the conventional 
quantitative procedures ordinarily encountered 
in gravimetric analysis, since macroquantities 
of products are involved, Of course, many 
modifications have been introduced through the 
years. The isolation and purification of radio- 
isotopes, on the other hand, often concern trace 
quantities of products, and the techniques must 
reflect this. Again, the many modifications that 
have crept in through the years have provided 
procedures which, in many cases, are almost 
unique, 

The methods for separating radioisotopes in- 
clude such techniques as solvent extraction, ion 
exchange, precipitation, and distillation. The 
principal difference between isolating radionu- 
clides and ordinary compounds lies in the 
minute quantities of the former. Table I-1 shows 
the weights associated with usable amounts of 
several isotopes. Hence the procedures must 
frequently be adapted to trace-quantity recovery. 

Chemical separation of any two or more 
species is based on differences in their physico- 
chemical properties and usually takes advantage 
of preferential distribution between two phases. 
The phases may be solid-liquid, liquid-liquid, 
Solid-gas, or liquid-gas. The phases may com- 
prise the substances to be separated or may be 


the matrixes carrying the desired materials. 
The efficiency of separation is represented by 
the distribution coefficient, or distribution fac- 
tor, D,, which is simply the ratio of the con- 
centrations of the chemical species, A, in the 
two phases at equilibrium. The ratio of distri- 
bution coefficients for two species, D4 /Dzg, is 
called the “separation factor” and is a measure 
of the separation efficiency. Obviously, high 
separation factors are desirable, and the ideal 
case is one in which separation can be accom- 
plished by a single equilibration of the two 
phases. In other cases, several or numerous 
stages may be necessary. (The basic concept 
of a “stage” applies equally to all separation 
processes, whether precipitation, distillation, 
chromatography, or liquid-liquid extraction.) 
The review in this issue is devoted to the 
separation of radioisotopes by ion exchange. 


Table I-1 MASS-ACTIVITY RELATIONS 
FOR SELECTED NUCLIDES 








Mass per 
Isotope Half-life millicurie, g 
NCs 29.7 years 1 x 1075 
"Co 5.2 years 9x 1077 
35g 89 days 2x 1078 
58Fe 44 days 2x 1078 
5iCr 28 days 1 x 1078 
131] 8days ~ 8 x 107° 
Rp 14 days 3x 107° 
“Br 36 hr 9 x 107% 
“Na 15 hr 1 x 107” 





lon-Exchange Purification 
of Radioisotopes at the 
ORNL Isotopes Development Center 


By P. B. Orr 


Much of the pioneer work on ion-exchange 
separation of adjacent elements of the same 


1 








chemical family was done at what is now Oak 
Ridge National Laboratory (ORNL)‘'~’ and at 
Iowa State College,®.* In some cases, ion- 
exchange processing was found to be a superior 
method of chemical separation, particularly in 
the purification of the rare earths. Because it 
was the only way to separate subgram amounts 
of rare earths at that time and such techniques 
were urgently needed in many phases of chemi- 
cal work on the Manhattan Project, the new 
technique was readily accepted and rapidly de- 
veloped. One of the most notable pieces of work 
at that time was the ion-exchange purification 
and identification of element 61 by Marinsky 
and coworkers’’ at ORNL, and thus the filling 
of the last gap in the main body of the periodic 
table. 

In the recovery and purification of radio- 
isotopes, ion exchange is often used in con- 
junction with solvent-extraction or precipitation 
techniques. For example, an element or group 
of elements in a solution of an irradiated target 
or a solution of fission products may first be 
extracted with an organic solvent. The product 
of this group separation may then be passed 
through an ion-exchange column for removal of 
impurities, concentration of a subgroup of ele- 
ments, or separation of the desired element. 
The final step may be precipitation. Organic 
ion-exchanger materials, or resins, are pri- 
marily used in this work. Some separation work 
has been done with inorganic exchange mate- 
rials, chiefly synthetic zeolites, but they are 
generally used to sorb fission products from 
liquids for concentration and to provide a solid 
medium for safe shipment of the sorbed radio- 
isotopes. 


CHOICE OF ION-EXCHANGE MATERIAL 

Most of the radioisotopes prepared in the 
Isotopes Development Center by ion exchange 
are separated as cations, and sulfonated 
styrene-divinylbenzene copolymers, e.g., the 
commercial products Dowex 50 and Amberlite 
IR-120 are used extensively. Anion-exchange 
resins are much more susceptible to damage 
by radiation, but they have been used success- 
fully, for example, in the purification of the 
alpha emitters plutonium and neptunium, as 
well as for many gamma emitters. 

The degree of cross-linkage in the ion- 
exchange material is important in ion-exchange 
separation efficiency, since the diffusion rate 
of ions into and out of the resin appears to be 
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the rate-controlling factor in the process," 
For example, with a 4% cross-linked resin, 
separation of the rare earths was found’ to be 
significantly better than with a 12% cross-linked 
one. On the other hand, with 4% cross-linked 
resin, separation and purification of ‘Ba and 
89Sr have been found to be unsuccessful, whereas 
separations are routinely good with 12%. 


Resin Decomposition. When organic resins 
are used to purify large quantities of a highly 
radioactive element, such as ‘Ce, Sr, or 
even ‘4"pm, the resin capacity is gradually 
decreased due to radiation damage. If glass 
columns are used, this loss in capacity may 
be observed and estimated visually, since the 
bands from a given amount of activity become 
progressively wider as the damage increases, 
The amount of organic matter in the product 


_ also increases greatly. 


In experiments to determine the extent of 
resin damage by radiation, Yee! passed de- 
mineralized water through a column of Dowex 50 
resin, which was set up in a °°Co irradiator to 
Simulate process conditions. After an exposure 
of 2 watt-hr per gram of dry resin, 40 to 
50% of the strong acid sorption capacity was 
lost, roughly equivalent to 20 to 25% per watt- 
hour. From standard moisture content analysis 
(resin swelling), he found, with the same radia- 
tion exposure, a 120% increase in the number 
of molecules of water per sulfonate group which 
remained on the irradiated resin. He interprets 
these data as indicating a decrease in cross- 
linkage as a result of the irradiation. 


COLUMN PREPARATION AND LOADING 


Resin used in the separation and purification 
of radioisotopes is sized on classifying screens 
prior to use to ensure uniform flow throughout 
the bed. The smallest mesh size consistent with 
an adequate flow rate is used to produce as 
sharp a band front as possible, The sized 
resin is washed with 6M HCl until extraneous 
cations are completely removed and then with 
distilled water to remove excess acid, The 
resin, now inthe hydrogen form, is ready for use. 


When being filled with resin, the column 
must be exactly vertical, and the top of the 
bed must be kept as flat as possible. If either 
of these conditions is compromised, there is 4 
tendency for: the ions to form an uneven band. 
This uneven configuration will generally be 
maintained as the band passes down the column 
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during elution, and product purity will be de- 
creased, A flat loading band alsousually retains 
its shape. 

The acidity of the feed for the ion-exchange 
column is carefully adjusted to about 0.1M to 
ensure a well-defined small band of the cations 
at the top of the resin. If large quantities of 
highly ionizing radioisotopes emitting energetic 
alpha and beta radiation are being processed, 
the solution concentration should be high to 
permit a short loading time. The longer a ra- 
dioisotope is permitted to remain in contact 
with the resin with relatively no movement, 
the greater the danger of damage tothe resin, 

In commercial rare-earth separation, only a 
third of the column length is loaded with feed, 
This practice is also followed in the separation 
of radioisotopes, particularly in the final purifi- 
cation step. However, it has been found" that, 
when the first pass is made through a column, 
particularly when large quantities of material 
are to be processed, as in the purification of 
“'bm, the loading length may be increased to 
as much as half the total resin-column length 
to speed up the processing time. In this case 
the first pass through the column is not so 
much a purification step as it is one of concen- 
tration of the wanted radioisotope. 


ELUANT CHOICE 


Eluting agents used in radioisotope recovery 
and purification are aqueous solutions of chelat- 
ing or other complexing agents, Of many such 
agents reported in the literature, only three — 
ethylenediaminetetraacetic acid (EDTA), di- 
ethylenetriaminepentaacetic acid (DTPA), and 
citric acid— are, or have been, used extensively 
by the Isotopes Development Center (Table I-2), 
The choice of eluant is determined by the quantity 
and the nature of the isotopes. 

EDTA is one of the best complexing agents 
in ion-exchange separation; it is usually used 
as the sodium salt, In industry it is used to 
purify stable rare earths but, since its acid form 
is insoluble, retaining* ions that are eluted 
ahead of the rare-earth fraction are added to 
prevent precipitation of the acid, which occurs 
in the presence of a hydrogen-form resin, 
Wheelwright et al. successfully used yttrium 
a8 a retaining ion in the purification of kilo- 

*A “retaining”? ion is one that is sorbed on the 
resin to replace the hydrogen and is, in turn, replaced 
by the rare earth in the rare-earth sorption step. 
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Table I-2 SOME ELUANT SYSTEMS USED FOR ISOTOPE 
SEPARATION IN THE ORNL ISOTOPES 
DEVELOPMENT CENTER 





Eluant Elements 





. is still used for separation of microgram 


0.078M Na-form EDTA, pH 6.3 
0.5% DTPA, pH 5.5—6.5 


M0p_ Mra and Mg, 

41pm and “Ce 

Stable fission-product 
Nd, Pr, and Sm 

0.2M citric acid, pH 2.8—2.9 ITH 

Short-lived rare earths 


0.2M citric acid, pH 6.0—6.5 Ba and sy 





curie quantities of “’Pm. Copper is used in 
commercial rare-earth separations, but these 
workers found that the high radiation fields 
reduced the copper ions to metal on the resin, 
stopping the flow. 

DTPA, a higher homolog of EDTA, is the 
complexing agent chosen in the Isotopes De- 
velopment Center for separating the long-lived 
and stable fission-product rare earths, Although 
it is only slightly soluble (0.4% at 25°C), the 
acid forms supersaturated solutions of good 
stability, and hydrogen-form resin is used in the 
column, The pH of a 0.5% solution of DTPA 
buffered with NH,OH can vary from 5.5 to 7.5 
with little or no effect on the separation. 

When DTPA is used in separating “"Pm from 
the other fission rare earths and actinides by 
ion exchange, the order of elution of “'Am 
(which ordinarily is eluted with “"Pm) is changed 
so that it is eluted with the europium fraction, 
At the same time, however, the order of elution 
of yttrium is also changed. With many ion- 
exchange systems, yttrium behaves as a heavy 
rare earth, being eluted between terbium and 
dysprosium and thus having an apparent atomic 
number of 65.5, With DTPA it is eluted with the 
promethium, This does not pose agreat problem 
since yttrium can be largely removed in the 
preceding solvent-extraction step. Any yttrium 
remaining after ion-exchange purification may 
be completely removed by solvent extraction or 
ion exchange with a system in which the order 
of elution corresponds to the apparent atomic 
number of 65.5. Table I-3 gives the orders of 
elution of the rare earths and “'Am with citric 
acid and DTPA as eluants, 

Citric acid, one of the first chelating agents 
to be used in separation by ion exchange, has 
been almost completely replaced by the organic 
amines, which have proved superior in large- 
scale separations. However, 0.2M citric acid 


Table I-3 ORDERS OF ELUTION OF THE 
RARE EARTHS AND *4!Am 





Citric acid DTPA 
as eluant as eluant 
1, Lu 1. Dy 

2. Yb 2. Ho 

3. Tm 3. Er 

4. Er 4. Tm 
5. Ho 5. Yb 

6. Dy 6. Lu 

Vie 7. Tb 

8. Tb 8, Eu-Am 
9. Gd 9. Gd 
10. Eu 10. Sm 
11. Sm ll. Y-Pm 
12. Pm-Am 12. Nd 
13. Nd « 13. Pr 
14. Pr 14. Ce 
15. Ce 15. La 


quantities of short-lived fission rare earths 
and alkaline earths. 


Eluant Decomposition. The eluants are used 
as aqueous solutions, and radiation decomposi- 
tion of the water may present major problems. 
The nature of this decomposition has been re- 
ported by Hochanadel’® as two reactions, which 
yield primary products and free radicals: 


2H,O oe H, > H,O, 
H,O ~~ H+ OH 


Later work indicates that what was originally 
thought to be a free radical, H, was probably 
really an electron,'’ 

If curie amounts of energetic radioisotopes 
are permitted to remain on a column without 
flow for half an hour or more, the released gas 
may cause the column to become locked with 
gas bubbles. To minimize this gassing problem, 
the resin particle size is controlled to one that 
permits a flow rate of two to three column 
volumes per hour. The column is loaded at 
maximum flow and is promptly washed with 
one column volume of distilled water to remove 
the excess acid, Elution is started immediately 
su that any gas formed in the loaded portion 
will be kept in solution and removed from the 
column, When heated columns are used, heat is 
applied to the column jacket after one column 
volume of eluant, which has been boiled to re- 
move dissolved air, has been put through. The 
increased temperature decreases the viscosity 





ISOTOPES AND RADIATION TECHNOLOGY 





Vol. 2, No. } 


of the eluant and increases the rates of diffusion 
and reaction, permitting faster flow and better 
removal of the dissolved gases. 

Decomposition of the organic eluant may also 
occur. In work!" done to determine the relative 
radiation stability of DTPA and EDTA in a 
Co irradiator, 0.5% solutions were exposed to 
5x 10° r, and the solutions were examined for 
pH change and discoloration. The pH of the 
EDTA solution rose from 7.34 to 8.36, changing 
from a water-white to a pale-green color, while 
that of DTPA changed from 5.47 to 7.55. The 
color of the DTPA after irradiation was darker 
green than that of the EDTA. Both had an un- 
pleasant odor after exposure, indicating amine 
degradation. 

Blanco, Higgins, and Kibbey’® reported ex- 
periments in which the EDTA was destroyed at 
an initial rate of 0.6 millimole per watt-hour 
of energy absorbed per gram of solution, the 
rate decreasing with time. They used 0.065M 
solutions of EDTA containing 0.33M to 0.48M 
sodium, 0.16M to 0.31M nitrate, 0.018M di- 
ethanolglycine, 0.03M lead, and traces of bar- 
ium, strontium, and cerium and irradiated with 
5400- and 14,000-r/min ®°Co sources. Damage, 
which became objectionable above 0.04 watt- 
hr/g, was characterized by an increase in the 
solution pH, the presence of nitrate ions, a 
color change from water-white to yellow, and 
precipitation of barium, strontium, cerium, and 
lead. In applying these findings to the purifica- 
tion of kilocurie amounts of ‘Ba, it was nec- 
essary to adjust the pH of the EDTA solution 
to compensate for the change that took place 
while the solution was in contact with the high- 
energy “°Ba-'°La gamma radiation on the col- 
umn and to maintain the highest flow rate 
consistent with good separation. 

With 0.2M citric acid-.buffered to a pH of 
3.0 as the eluant in the separation of 20,000 
curies of “’Pm, Pressly et al. found that 
eluant decomposition was not a problem." How- 
ever, three passes through the column were 
necessary to produce a product of about 65% 
purity, and close pH control was essential. It 
was necessary to make the citric acid eluant 
1% in phenol in the makeup vessel prior to 
elution to protect it from a mold growth, which, 
upon long standing, can be sufficient to reduce 
or even stop the flow through a column. Even 
with phenol, mold growth was inhibited only 
2 or 3 days. This citric acid system for “'’Pm 
separation was largely replaced in 1961 by the 
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DTPA system, which gives better separation 
factors. 


ELUANT FLOW RATE 


The eluant flow rate depends on the resin 
size, column size, temperature, loading length, 
and, to some extent, the eluant used. A rule of 
thumb for an unheated column is one column 
volume per hour; for a column heated to 80°C, 
it is about two volumes per hour. At the higher 
temperature the exchange rate and, to some 
extent, the diffusion rate are speeded up. 

When trace quantities of radioisotopes are 
being eluted, the fractions may be as small 
as 25 to 100 ml, for example, incolumns 15 mm 
in inside diameter by 18 in. in height. It is 
convenient to pass the column discharge line 
through ‘an ion-chamber—electrometer arrange- 
ment so that each activity peak may be observed 
as it is eluted. 


PROCESSING EQUIPMENT 


Practically all equipment used at ORNL for 
ion-exchange work is custom glassware. Column 
sizes vary from 10 mm in diameter by 4 in. in 
height, used in concentration of trace quantities 
of many radioisotopes, to 3 in. in diameter by 
8 ft in length, used, for example, to separate 
“bm from the other fission-product rare 
earths. It is usually considered good practice 
to use a column small enough in diameter for 
good banding and long enough that no more 
than a third of the lengthis requiredfor starting 
the band. Many of the columns are jacketed for 
uniform hot-water heating of the column, They 
have a porous sintered-glass filter disk at the 
bottom to support the resin and to permit as 
uniform a flow of process liquid as possible. 
The sintered disk causes loss of flow along the 
wall of the column at the point of fusion of the 
disk to the column, resulting in some channeling 
of the ions to the center of the disk as they 
reach the bottom of the bed. In an effort to 
overcome this difficulty, experimental columns 
have been successfully made with fine platinum 
mesh as the resin retainer. 

Columns with a constant taper from the top 
to the bottom have been successfully used to 
lengthen the bands as they come off the resin. 
The same result has been obtained by eluting 
through more than one column in series, the 
last one having a smaller diameter than the first. 

In a heated column, gassing will occur even 
With nonradioactive elements if the dissolved 
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air in the eluant is not removed prior to elution, 
To prevent this difficulty, provision is made to 
heat and degas the eluant in a section of the 
tube between the feed tank and the column, 

Sampling equipment is very simple. Eluate 
fractions are collected in bottles from which 
samples may be taken with medicine droppers 
by means of remote-control manipulators, Sam- 
ple bottles are removed in small lead shields, 
through shielded removal locks, to the outside 
of the cell, Finished products are removed 
Similarly and transferred to other sections of 
the Isotopes Development Center for analysis, 
packaging, and shipping. 


ORNL Target Fabrication 
Center 


The Target Fabrication Center at ORNL was 
established in 1961 and described in a report” 
prepared for EANDC* in 1963, The activities 
carried out include: 

1. Preparation of isotopes of high chemical 
and isotopic purity to meet requirements 

2. Preparation of chemical forms suitable 
for target fabrication 

3. Fabrication of targets to meet exacting 
physical specifications 

4, Measurement of the chemical and physical 
characteristics of the finished target 

5. Packaging to ensure shipment without dam- 
age 

6. Recovery of enriched material not actually 
shipped as target 

7. Development of procedures to minimize 
target cost 

8. Publishing of new developments in the 
fabrication of targets 


Among the target facilities, some of which are 
shown in Fig. I-1, are a 5-in. Fennrolling mill, 
several resistance-heat vacuum evaporators, 
an electron-bombardment vacuum-evaporation 
furnace, an induction heater, an electroplating 
apparatus, a 20 x to 2000 x metallographic mi- 
croscope, a 30-ton press, and a refrigerated 
vacuum glove box. Data relevant to the types 
of targets which can be fabricated are shown in 
Table I-4, 





*European-American Nuclear Data Committee, Or- 
ganization for Economic Cooperation and Develop- 
“ment. 
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Fig. I-1 Some target fabrication facilities at ORNL. 


Major emphasis of the Center is on develop- 
ment and improvement of target fabrication 
techniques. This often involves chemical and 
metallurgical procedures to prepare suitable 
materials for the fabrication work. 


lsotopic Magnesium Targets 


Elemental enriched magnesium isotopes have 
been available from ORNL for a number of 
years; however, in some instances there has 
been difficulty in obtaining sufficient purity for 
certain uses (e.g., in preparation of “Mg from 
enriched "Mg at BNL).””’* A distillation pro- 
cedure has been developed by Box™ which 
produces >99% pure magnesium by thermo- 
chemical reduction of MgO with aluminum 
powder at 1250°C and 107° torr and simul- 
taneous distillation of the resulting magnesium. 
When 2-g batches are used, yields of ~95% can 
be expected in about 3 hr. Table I-5 lists typi- 
cal amounts of impurities as shown by spectro- 
photometric analysis. The apparatus as shown 
in Fig. I-2 is suitable for quantities up to 5 g. 
The resulting magnesium can be fabricated into 





foils by hot rolling procedures or evaporated 
again onto suitable backings. 

Relatively thick adherent magnesium or scan- 
dium targets (up to 0.005 in.) can be deposited”® 
by successively evaporating thin (5 mg/cm’) 
layers of magnesium on a water-cooled copper 
backing and wiping the thin layers between 
evaporations to remove any powdery layers of 
material. Adherence is assured by pretreat- 
ment of the copper, including thorough de- 


Table I-5 SPECTROPHOTOMETRIC ANALYSIS 
OF VACUUM-DISTILLED MAGNESIUM 





Amount present, wt.% 





Ele- 
ment 1250°C 1350°C 
Al 0.30 2.69 
Be <0.001 Not found 
Ca <0.0001 <0.001 
Cr Not found Not found 
Cu <0.01 <0.001 
Fe <0.01 <0.001 
Mn <0.01 <0.1 
Nb Not found Not found 
Si <0.01 <0.01 
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greasing, cleaning with dilute hydrochloric acid, 
and etching by glow discharge in an argon 
atmosphere. 
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Fig. I-2 Apparatus for reducing and evaporating 
magnesium. 


Technetium-99 Targets 


A recent report by Box”® describes a method 
for the efficient electroplating of Tc from 
dilute pertechnetate solutions. Film thicknesses 
up to 18 mg/cm? on copper, gold, silver, and 
platinum can be obtained by electroplating from 
acid oxalate solutions of ammonium pertech- 
netate solutions at a current density of approxi- 
mately 1.3 amp/cm?. 

Oxides of technetium have been plated pre- 
viously in a number of instances,?’~*! and there 
are several reports of the deposition of tech- 
netium metal.** However, yields of metal from 
the sulfuric acid—fluoride solutions ordinarily 
used have varied from 25 to 75%, and other 
difficulties have been encountered. 

A possible use of electroplated Tc foils is 
in the preparation of beta sources for medical 
use,*? for example, to effect coagulation of 
blood incident to eye surgery, thereby mini- 
mizing formation of scar tissue. Other possible 
uses are as beta calibration sources, static 
eliminators, and low-energy bremsstrahlung 
radiography sources, 
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Production of “Mg: 
State of the Art” 


By Allen J. Weiss and Manny Hillmant 


Magnesium-28 has been produced by several 
methods over the past 10 years by the following 
reactions: 

1. By spallation of sodium chloride,*4~** sili- 
con,®"-** potassium sulfate,®"** and copper‘? 
targets with protons, 

2. By gamma irradiation of silicon: 
Si(y,2p)"*Mg (Ref. 43). 

3. By alpha irradiation of magnesium and 
aluminum: *Mg(a,2p)"Mg (Refs. 39 and 43 to 
45) and *"Al(a,3p)"*Mg (Ref. 46). 

4. By triton irradiation of magnesium: 
*6Mig(t,p)"*Mg (Refs. 36 and 47 to 49), 

5. By fast-neutron irradiation of silicon: 
29Si(n,2p)"*Mg and *°si(n,*He)*Mg (Refs. 50 and 
51). 


Sheline and Johnson*»“* made “Mg by the 
Si(y,2p)*Mg and *Mg(a,2p)"Mg reactions to 
characterize and determine a decay scheme for 
the new nuclide. Lindner™ separated a magne- 
sium fraction from the spallation products of the 
irradiation of chlorine, as sodium chloride, with 
340-Mev protons, The 21-hr activity present was 
deduced to be Mg from the 2.3-min half-life of 
the Al milked from it. Marquez,*” Wapstra and 
Veenindaal,*® and Olsen and O’Kelley® prepared 
*®Mig to study its beta spectrum. None of the 
above-listed references indicate the *2Mg yields, 

Lindner” prepared carrier-free “Mg by spall- 
ation of sodium chloride with 340-Mev protons to 
determine the beta and gamma spectrums, Re- 
sults were similar to those reported by Sheline 
and Johnson“ and by Marquez.*” The half-life 
of “Mg was found to be 21.24 0.2 hr, which 
agrees with Sheline and Johnson’s value®?.“ of 
21.3+0.2 hr and Wapstra and Veenindaal’s 
value*® of 21.44 0.6 hr but differs measurably 
from the value 22,1 4 0.3 hr reported by Jones 
and Kohman.* The cross-section for the reac- 
tion *"Cl(p,2a2p)"Mg with 340-Mev protons on 
sodium chloride was calculated to be ~0,003 
barn. Olsen and O’Kelley®® used Lindner’s 
carrier-free “Mg to measure the beta-ray de- 





*USAEC Report BNL-6607, Brookhaven National 
Laboratory, no date; received Jan, 21, 1963. 
tBrookhaven National Laboratory. 
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cay. Weiss and Hillman®™® recently remeasured 
the “Mg half-life, using a specially prepared 
“ultrapure” sample, The average of 20 determi- 
nations was 20.88 + 0.06 hr. 


Jones and Kohman® report having made Mg 
in the synchrocyclotron with 350-Mev protons 
and the reaction *si(p,3p)"*Mg prior to learning 
of the work of Sheline and Johnson. In each of 
two 1-hr irradiations of 2 g of silicic acid, the 
%Mig yield was 8 x 10° dis/min. The circulating 
current was estimated to be 0.2 wa. From com- 
parative yields they estimated the cross-section 
tobe 107 barn. 

Friedlander et al.*° separated *Mg as aspall- 
ation product from copper targets that were 
irradiated with 2.2-Gev protons. The formation 
cross-section at this energy is 0.41 mb + 20%. 
Rudstam et al.‘! report spallation cross-sections 
of 0.25 mb with 24-Gev protons and 0.65 mb with 
5.7-Gev protons, The cross-sections for spalla- 
tion produced above 1 Gev hardly vary with en- 
ergy. Crespo" reports a cross-section of 0.049 
mb for spallations of copper with 700-Mev pro- 
tons. He also gives cross-sections for targets 
of silver, gold, and uranium bombarded with 
alpha particles of 320, 500, 700, and 880 Mev 
energy. 

Hudis** made microcurie amounts of carrier- 
free “Mg by irradiating *"Al with 41-Mev alpha 
particles by the reaction *'Al(a,3p)*Mg. 
Stacked-foil experiments showed that the prac- 
tical threshold that gave sufficient activity to 
definitely identify “Mg is 35+ 1 Mev, and the 
cross-section for the reaction with 41-Mev 
alpha particles is ~0.0002 barn, The “Mg yield 
in an alpha bombardment of 100 ya-hr of a 
1-mil aluminum target is 1.5 x 10' dis/min. 

The specific activity of the “Mg prepared 
from aluminum targets depends on the amount 
of magnesium impurity in the target. A simple 
chemical procedure,” based on the formation 
of a radiocolloid of carrier-free magnesium in 
alkaline solution and its retention on a fine- 
‘glass frit, yields “Mg free from Al** and “Na, 
In this procedure the aluminum target is dis- 
solved in concentrated sodium hydroxide, the 
Solution is filtered through a fine-glass frit, the 
frit is washed with sodium hydroxide solution 
and then with water, and the magnesium hy- 
droxide on the frit is dissolved in dilute acid, 

; Iwerson, Koski, and Rasetti*’ used the 
*Mg(t,p)*Mg reaction to prepare “Mg. A sig- 
nificant difference between this method and 
previous ones is the use of reactor rather than 
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accelerator irradiation. Reactor irradiation of 
lithium- magnesium alloy first producedtritons, 
®Li(m,a)T, and Mg was formed by the reaction 
*6Mg(t,p)"*Mg. The irradiation product was dis- 
solved in acid, to which carriers of suspected 
impurities were added, Several sulfide precipi- 
tations, followed by precipitation of magnesium 
hydroxide, purified the “Mg. The half-life was 
reported to be 21.8 + 0.3 hr. 

In 1956, *Mg was made routinely available by 
the Hot Laboratory Division of Brookhaven Na- 
tional Laboratory (BNL).*® A lithium-magnesium 
alloy, 70 wt.% lithium, irradiated inthe research 
reactor at a thermal-neutron flux of 3.5 x 10" 
neutrons/(cm’)(sec) for 4 days produces “Mg 
with a specific activity of 100 uc per gram of 
magnesium, Substitution of *Li for natural lith- 
ium made possible specific activities of >1000 
uc/g, and substitution of “*Mg for natural mag- 
nesium further increased the specific activity. 

Currently at BNL, irradiation of a 10-mil foil 
of *Li-"*Mg alloy (75 wt.% °Li) for 3 days ina 
thermal-neutron flux of 2 x 10'* neutrons/(cm’) 
(sec) produces “Mg with a specific activity of 
40,000 uc per gram of magnesium.” 

Mellish and Crockford® described two meth- 
ods of producing “Mg at Harwell: the (/,p) re- 
action on magnesium in a lithium-magnesium 
alloy and cyclotron spallation of chlorine by 
proton bombardment. The yield in the first 
method was determined to be a function of the 
percentage of lithium in the alloy in the range 2 
to 25% lithium. The specific activity increased 
with increasing percentage of lithium up to 45 
uc per gram of magnesium saturation equi- 
librium activity in a flux of 1.5 x 10'* neutrons/ 
(cm’)(sec). The second method uses the reac- 
tions °Cl(p,6p2n)"*Mg and *"C1l(p,6n4p)"*Mg. The 
cross-section for producing “Mg was studied 
as a function of proton energy up to 160 Mev 
and found to be still sharply increasing with 
energy. The yield of “Mg-"Al equilibrium 
mixture for 160-Mev protons was studied as a 
function of target thickness. The yield in atypi- 
cal irradiation of 15 to 20 g of potassium chlo- 
ride at 1 ua was ~40 uc/hr. 

Rodriguez Pasques®’ made “Mg by irradi- 
ating silicon as silicic acid with neutrons of 
energies >20 Mev, obtained by bombarding 
beryllium with 28-Mev deuterons, The nuclear 
reactions are “Si(n,2p)*Mg, Q=-—13.3 Mev, 
and *si(n,*He)*Mg, Q = —16.3 Mev. The amount 
of *Mg produced at the end of the irradiation 
calculated on the basis of 90% chemical yield, 
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saturation irradiation, and 100% isotopic abun- 
dance for 2 to 3 g of silicic acid is 2.93 x 10° 
counts/min by the (7,2) reaction and 4,45 x 10° 
counts/min by the (,°He) reaction. 

Since neither the beam current nor the neutron 
flux was indicated, the meaningfulness of the 
Mig yield is indeterminate. The work was re- 
peated by Weiss.” Five grams of quartz was ir- 
radiated with fast neutrons from the 'Li(d,2n)'Be 
and *Li(d,n)'Be reactions for ~1 hr with a total 
beam of 55 wa-hr of 20-Mev deuterons. The 
yield at the end of the bombardment was 0.3 uc 
of “Mg. 

Hinds, Marchant, and Middleton*® prepared 
*6Mig targets with tritons up to 6.8 Mev energy 
by the *Mg(t,p)*Mg reaction in order to mea- 
sure the ®uig energy levels. The Q value for 
the reaction was calculated to be 6.466 Mev, 
which agrees well with the mass Q value of 
6.460 Mev. 

Although “Mg now available from BNL is 
used by many institutions for medical research, 
it is desirable to use carrier-free “Mg for 
many applications, For example, magnesium is 
found in very low concentrations in some living 
tissue. For some physiological studies, then, a 
very high specific activity is required in order 
not to upset the magnesium balance in the sys- 
tem by administering large amounts of stable 
magnesium, Carrier-free "Mg has been pro- 
duced with an accelerator. However, the amount 
that can be produced in an accelerator is limited 
because of the target size and the prohibitive 
cost for long irradiations. On the other hand, it 
may be possible to increase the specific activity 
of “Mg produced in a reactor by the (¢,p) reac- 
tion by utilizing the recoil phenomenon of the 
reaction, 

There are many possible systems for utilizing 
this phenomenon, One, the Szilard-Chalmers 
reaction, involves incorporating the target nu- 
clide in a compound, The recoil of the product 
nuclide breaks the bonds of the compound, 
Chemical separation may be possible. In another 
system the target nuclide is placed in one ma- 
trix, and recoil causes the product nuclide to 
move to a second matrix, The matrixes may be 
separated chemically or physically. Investiga- 
tion of these systems as applied to “Mg pro- 
duction is under way at BNL. No success has 
been obtained with the first system because of 
rapid exchange of the products in some cases 
and excessive radiation damage of the magne- 
sium compound (principally the thenoyltrifluo- 
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roacetonate) in others, The second system has 
been unsuccessful with a dispersion of lithium- 
magnesium alloy in an organic medium because 
of radiation damage. However, preliminary re- 
sults indicate the possibility of success when 
the recoils from a very thin magnesium tar- 
get are caught in a matrix separated from the 
magnesium. 


Production Procedures 
Manuals for Isotopes 


Four reports**** that summarize current pro- 
cedures in radioisotope production and chemi- 
cal separation were released simultaneously 
June 11-12, 1964, at an information meeting 
at AEC’s Germantown, Md,, headquarters. The 
purpose of the meeting was to provide industry 
with the technology of AEC production methods 
for radioisotopes for general distribution. More 
than 100 persons attended, among whom were 
U. S. industrial producers and processors of 
radioisotopes, Atomic Industrial Forum mem- 
bers, foreign representatives of firms having 
radioisotopes programs, and reporters. 

AEC laboratories issued reports in two 
forms—a “cookbook” variety from Oak Ridge 
and Brookhaven National Laboratories and de- 
scriptive ones from Mound Laboratory and the 
Savannah River Plant. The manuals are sum- 
marized in the following paragraphs, and further 
details on papers given at the meeting are re- 
ported in Sec, VII of this review. 


Mound and Savannah 


Allen® of Savannah and Lonadier and Hud- 
dleston®® of Mound described the isotopes, Co 
and *!°po, respectively, with which their labo- 
ratories are concerned. Mound has had the re- 
sponsibility for polonium chemistry, separation 
technology, and separation since 1943; weighable 
quantities were produced as early as 1946, The 
isotope is now made by the reaction 


B 


209m: . 1 
Bi + 9” dae 





210i 2109 

The laboratory determines that the bismuth tar- 
get is at least 99.5% pure, and 1.3433- by 6.000- 
in, slugs are shipped directly from a manufac- 
turer to Hanford Laboratories for jacketing and 
irradiation. Ten to 20 curies of polonium per 
pound of bismuth is produced. Mound dissolves 
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the target jacket in HCl and the bismuth in HCl 
and HNO;. A series of concentration steps in- 
creases the polonium in the bismuth from about 
5 to 14,800 ppm. Polonium is reduced with 
stannous chloride and hydrazine hydrochloride 
solutions, further processed, and assayed, In a 
final step, *°Po is electrodeposited onto plati- 
num gauzes, up to 50 curies of “Po per gauze. 
Figure I-3 shows the three main steps in 7!°Po 
processing. A decay scheme, physical proper- 
ties of the isotope, typical bismuth-target and 
polonium-product analyses, and sales from 
1955—1963 are given in the report. 

Since 1955 the Savannah River Plant has pro- 
duced close to 4 million curies of “Co by ir- 
radiating ®°Co in production reactors. Past, 
present, and expected cobalt irradiations are 
summarized in Table I-6. The largest single ir- 
radiation was 1.3 million curies for the Food 
Process Development Irradiator at Natick, 
Mass. Slugs are specially designed for each 
cobalt irradiation, and several designs are il- 
lustrated in the manual. Figure I-4 shows pro- 
duction yields for cobalt at several values of 
neutron flux. Cobalt production at Savannah 
River is usually incidental to the production of 
other materials; hence the standard tolerance 
on an irradiation is +20% of the activity re- 
quested, in addition to a +5% variation from 
piece to piece. Plant capacity and costs also 
are discussed in the manual, andit is pointed out 
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that Savannah River reactors are capable of 
producing large quantities of inexpensive, high- 
activity Co, Less-than-100,000-curie amounts 
normally have to be obtained elsewhere. 
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Fig. I-3 Polonium-210 procedures at Mound 
Laboratory. 


Table I-6 COBALT IRRADIATIONS AT SAVANNAH RIVER PLANT 








Activity 
Total, Specific, 
Date curies curies/g Shape Purpose 
1955-1963 975 ,700 27-83 Wafers ORNL, therapeutic; Japanese, 
experimental 
1958— 1964 1,256 ,900 15-100 Slabs BNL; MPDI; SRL; Curtiss- 
Wright 
1959-1960 150,000 99-120 Pellets ORNL, radiography 
1961-1962 1,448 ,000 6-17 Rods FPDI; USBM 
3,830,600 
In process 240,000 400—500 Pellets DID—develop uses for higt 
75,000 400-500 Wafers 
150,000 300 Slabs meee“ Geeta HN 
465 ,000 ; 
52,000 150-300 Pellets Fl st tsk t , 
125 ,000 275-400 Wafers 
¥ 113,000 175-275 Slabs eeendietinn 
290,000 
Expected 20,000 15-20 Rods USBM 
(within 700,000 150 Slabs BNL 
fiscal 175 ,000 30 Wafers ORNL; Japanese 
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Fig. I-4 Cobalt-60 production at six neutron fluxes. 


Brookhaven and Oak Ridge 


The manuals from BNL and ORNL have a 
common purpose: the collection and presenta- 
tion of the detailed procedures for routinely 
producing the more than 100 isotopes that re- 
quire chemical processing after irradiation. 
Bibliographies totaling about 100 references to 
work by ORNL and BNL people are given. Two- 
thirds of these are open-literature citations. 
Economic data are not included in either report; 
but separate notebooks and talks by AEC, BNL, 
and ORNL representatives covered this subject 
(see Sec, VII). 

The method of presenting information on ac- 
tivities at the two laboratories differs mostly in 
details. The preliminary BNL report gives a 
historical-procedural introduction, discusses 
instruments and handling of isotopes, and then 
describes production, processing, and prepara- 
tion of each isotope product, The ORNL report 
contains (1) a chapter on target selection, prep- 
aration, reactor irradiation, and chemical pro- 
cessing principles; (2) the detailed processing 
procedures for each radioisotope; (3) informa- 
tion on storage, shipping, and handling; and 
(4) appendixes covering descriptions of the Oak 
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Ridge Research Reactor (ORR) andthe chemical 
processing facilities, tabulated reactor produc- 
tion data for each radioisotope product, and 
analytical techniques. More than 80 reactor- 
produced radioisotopes are discussed in the 
ORNL report, and 17 reactor-, cyclotron-, and 
Cockcroft-Walton-produced isotopes are de- 
scribed in the BNL manual. Most of the ORNL 
isotopes are produced by (v,y) reactions in a 
target composed of the same element as the 
product in a neutron flux of ~2 x 10“ neutrons/ 
(cm?)(sec). Some of the BNL data are given in 
Table I-7 as an illustration of the diversity of 
existing methods of production. Figure I-5 
shows the flow of radioisotopes operations at 
ORNL and some of the end uses ofthe products, 
A summary of fission-product flow was given 
in an earlier issue of this review.” 

The separation and purification of radioiso- 
topes require many standard unit processes, 
among them solvent extraction, ion exchange, 
gas chromatography, and precipitation, The de- 
tailed steps of both the BNL and ORNL reports 
stem from the application of these processes to 
radiochemical separation. Figure I-6 is a page 
taken from ORNL-3633 showing the detailed 
procedures for processing My by solvent ex- 
traction, In addition to such postirradiation pro- 
cessing steps, procedures are given in the BNL 
report on target preparation and postirradiation 
handling. Preceding the processing procedures 
in each manual are descriptions of targets used, 
yields, and isotope characteristics (e.g., Fig. 
I-7). Preparation, loading, and milking of gen- 
erators also are described in the BNL report. 

As mentioned earlier, both manuals briefly 
describe the respective laboratories, including 
hot cells, equipment, and general procedures. 
The ORNL manual, in addition, briefly discusses 
radiation areas, monitoring, and waste disposal. 

Radioisotope product solutions are analyzed 
to determine whether they conform to certain 
specifications, The processing procedure for 
each radioisotope in ORNL-3633 is referenced 
to the appropriate analytical procedures in 
another ORNL manual,®*! and assay methods 
also are described. 


Calculations of the specific activities of ra- 
dioisotopes produced by neutron capture are 
given in another appendix of ORNL-3633, Burnup 
of target atoms and of the product radioisotope 
are taken into consideration in these calcula- 
tions, which were made with the help of CDC 
1604-A and IBM 7090 computers. Specific ac- 
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Table I-7 SELECTED DATA ON ISOTOPES PRODUCED AT BNL 














Isotope Method of production Half-life Shipping form Comments 
26a] 8g parent 7641,2.24 min Generator (‘‘cow’’) ~30% yield; see **Mg below 
6vMig, 20.9 hr Na”®AlO, in 1M NaOH 
Bar 3IC1(,y)*cl (Stable) Gas in ampule NaCl crystals for 56 days at 
13 2 " 
38 " 38 10° neutrons /(cm‘) (se 
Cl—arSamr Ar inten 
STCu Ni (a ,p)"Cu 61.6 hr §'Cu(NO;)2 in 6M HNO, Enriched “Ni in ~40-Mev cy- 
clotron beam 
6p ®Li(m,t)*He 110 min NaF plus trace of NaAlO, in Mev radiations: 0.65 (100%) 
66 (t,n)'®F 0.1M NaOH positron; 0.51 annihilation 
gammas 
Ga 89Ga (p,2n)**Ge ®8Ga, 68 min 88Ga-EDTA, “GaCl, in ether, ORNL cyclotron; ~70% yield 
88&Ge parent 8Ge, 275 days or 88Ga (S04); *tweightless”’ from generator 
solid 
ty 1218 (an) 4] 4.2 days H'™T in NaHSO, or Na,SO, 
182, 122Te parent 132], 2.3 hr Generator ~70% yield; see “*Te below 
827e, 77 hr Na] in 0.01M NH,OH 
133] Fission of ™y 1337, 21 hr Na'**] + Na"10, in dilute NaOH Unenriched U,0, target; "1 
'393Xe, 5.3 days and 5] also present in 
product 
vig SL i(n,t)*He *vig, 20.9 hr *8vigCl, in dilute HCl 
Mg (t,p)"*Mg 2841, 2.3 min 
%Mo Fission of “y Mo, 67 hr (NH,)2 MoO, in 1M NH,OH Target is alloy of Al with en- 
*~T°, 6 hr riched, 93.15%, “*u 
434 Aar(a,p)8K 22 hr As required 
s8so 51V(n,a)*®Se 44 hr “SeCl, as ‘‘weightless’’ solid Cockcroft- Walton generator; 
~5 x 10° neutrons/(cm’)(sec); 
neutron source, 5H (d,n)*He 
Sims, Rb (a ,2n)*"y Simsr, 2.8 hr Generator Radiochemical purity >99.9% 
Sty parent Sty, 80 hr 8!mSr.(CgHsO7)2 in 0.005% citric at time of milking 
acid 
dual Ws Mo parent %™T°, 6 hr Generator See Mo above 
Mo, 67 hr %™T°O7 in 0.1M HCl 
Were Fission of *5y 12Te, 77 hr H,'**TeO, in 1M HNO, See Mo comment 
132] 2.3 hr 
2bXe 2 ny) (Stable) Gas in ampule 
128 Fc an 
I 25 min Xe 
My Fission of *5y My. 64.2 hr 


%Sr, 28 years 


Generator ~0.98 mc ™Y per 
milliliter of citric acid solu- 
tion at radioactive equilib- 
rium 








tivities for 50 radioisotopes are listed in three 
extensive tables. [Three neutron fluxes are as- 
sumed: 2 x 10'*, 2 x 10", and 2 x 10'* neutrons/ 
(em’)(sec).] It is noted that it may be difficult 
to attain these calculated yields in some cases. 
For example, materials with high neutron- 
‘apture cross-sections will cause a decrease 
in neutron flux near the target, and yields will 
be lower. Irradiations in the reactor are pre- 
sented in the tables in half-life units (t/Ty, 
Where ¢ is time of irradiation and Ty is the 
talf-life of the product isotope) from 0.01 to 


5.0. Generally speaking, for radioisotopes with 
short half-lives, a sample may be irradiated 
for five or more half-lives; for those with half- 
lives from a week to a few months, the irra- 
diation time varies from one to three half-life 
units; for those with extremely long half-lives, 
a small half-life unit is chosen, The tables 
show the buildup in curies per gram of irradi- 
ated material for each half-life unit, anda value 
of T,,., Shows the irradiation time in days at 
which the specific activity of the product radio- 
isotope passes through a maximum, 
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THERAPY 











1. Prepare equipment. 


2. Equilibrate 25 ml of di-2(ethylhexy!) phosphoric 
acid (HDEHP) (10 mi HDEHP and 15 ml 
Amsco 120) with 25 ml of 0.1 / HCI by 
manually shaking together in separatory 
funnel, Save organic phase. Discard aqueous 
phase. 


3. Add 25 ml of 0.1. HCI solution of °°Sr.7°yY 
to the 25 ml of organic phase in separatory 
funnel, Manually shake mixture for ~5 min. 
Let phases settle out. 


4. Drain off bottom phase (aqueous) to clean 
bottle. Save. 


5. Wash organic phase four times with 25 ml of 
0.1 M HCI each time. Shake funnel. Allow to 
settle and drain off aqueous phase into same 
bottle from step 4 each time. 


6. Add 25 ml of 6 f HCI to funnel. Shake for 
~5 min. Settle. Draw off aqueous phase. 


7. Repeat step 6. Discard organic phase. 


8. Boil down aqueous solution to dryness. 
Adjust volume to 25 mi with 0.1 / HCI. 


9. Use new glassware, and repeat steps 2 
through 8. 


10. Fume twice with 25 ml of concentrated HNO.,. 


11. Fume twice with concentrated HCI, 


12. Adjust volume to 25 mi with 1.0 M HCI and 
transfer-to 100-mi product bottle. 


13. Sample and analyze for: 
99¥ concentration 
Total solids 
Molarity of HCI 
90S, concentration 
Heavy metals 





100-m! separatory funnel 
Two 250-m| Pyrex beakers 
Two 150-m! Pyrex beakers 
Hot plate 

Ten 100-ml product bottles 


This step adjusts acidity of HDEHP to ~0.1 M 
HCl. 


Yttrium-90 extracts into organic phase and ?°Sr 
into aqueous phase. See 995+ procedure for 
preparation of ?°Sr feed solution. 


Organic phase contains ?°Y and some ?°Sr 
contamination. 


Washing removes most of ?°Sr contaminant. Save 
bottle with original separation plus washes. 
This can be used after two to three weeks for 
another ?°Y separation after My appears again. 


Aqueous solution contains most of 7°Y, 


This removes remainder of ?°Y, 


This removes acid. 
The ?°S; contaminant is further reduced. 
Organic matter is destroyed. 


Yttrium-90 is converted to 9°YCl, and HNO, 
removed. 


Refer to ORNL Master Analytical Manual (T\D- 
7015), procedure No. 9 0733960. 


Fig. I-6 Yttrium-90 processing procedure from ORNL-3633, 


CHROMIUM-51 


Production method: 5°Cr(n,y)>'Cr 


Cross section: 17 barns 

Target: Chromium metal 
enriched to 98% 
50, 

Target weight: 15 mg 

Neutron flux: 2 » 10'* neutrons 
cm~? sec! 

Irradiation-time: 26 weeks 

Reactor yield: 11 curies 

Processing yield: » 95% 

Radiochemical purity: > 99% 


Fig. I-7 Example of production data given in ORNL and BNL reports. 


Half-life: 27.8 days 


Radiations: 
Beta Gamma Others 
None 0.32 (~ 8%) EC 


Processing facility and shielding required: 
manipulator cell, ~ 2 in. lead equivalent 
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In both the Spring and Summer 1964 issues of 
Isotopes and Radiation Technology, new uses of 
both radioactive and stable tracers in industrial 
and other large-scale engineering applications 
were described. In the .present issue the dis- 
cussion of tracers is continued with a discus- 
sion of some selected applications of radio- 
active tracers in the mining industry and of 
some new developments in counting equipment 
and techniques. A review of work on the use of 
isotopic gages to measure snow densities and 
profiles is also included. 


Radioactive Tracer Uses 
in the Mining Industry 


Some specific tracer applications of radio- 
isotopes and the use of radioisotopes in the 
foreign coal industry were reviewed in the 
Spring 1964 issue of Jsotopes and Radiation 
Technology.’ In the current issue these sub- 
jects are further developed in a discussion of 
specific studies on uses of radioisotopes as 
tracers in the mining industry in the United 
States. Yavorsky and Gorin in two studies at 
Consolidation Coal Co. have used radiotracers 
to study the effect of particle size on the move- 
ment of coal in a fluidized bed’ and to follow 
the separation of iron pyrites from coal, also 
in a fluidized bed.’ Gaudin and Ramdohr at 
MIT‘ in another investigation induced radio- 
activity in minerals and used it to sort metal- 
bearing particles from gangue. 


Radioisotope Tracers in Research with Coal 


Isotopes have been used relatively rarely in 
the coal industry in the United States. In 1959, 
Bituminous Coal Research, Inc., under a con- 
tract with the USAEC Division of Isotopes De- 
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Development 


velopment (DID) made a survey of applications 
of radioisotopes in the coal industry.® More 
than 100 applications in 11 potentially profit- 
able areas were suggested: 








No. of 
Area suggestions 

Borehole logging 8 
Mine surveying 1 
Coal mining 30 
Coal preparation 14 
Equipment maintenance 6 
Coal transportation, 

weighing, and storage 8 
Use of coal for power 

generation and heat 12 
Carbonization, gasification, 

and other process uses 9 
Control of water and air 

pollution 3 
Coal sampling, analysis, 

and testing 3 
Coal research 16 





About 80 of these were in regular or experi- 
mental use in the coal mining or analogous 
industries somewhere in the world at the time 
the report was written. 


Commercial isotope gages are used routinely 
to measure the density and moisture content of 
coal; and Semmler, Brugger, and Rieke* at 
the University of Chicago made an extensive 
study of the use of a commercial gamma- 
scattering density gage with coal. The Texas 
Nuclear Corp. under a contract® with DID is 
developing a method based on activation analysis 
or related technique for continuous determina- 
tion of the heat value of coal. The basic feasi- 
bility’? of this system has been demonstrated 
in the laboratory, and a field test is currently 
being set up at loading facilities of Consolidation 
Coal Co.’s mine near Morgantown, W. Va." 
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Consolidation recently completed two closely 
related DID-sponsored studies to demonstrate 
the use of radioisotope techniques in industrial 
process research with solids. 

The first study? was aimed at measuring the 
rate of mixing or diffusion of solids, the rate 
and degree of size segregation, settling rates 
of oversize particles, and fluidized-bed ex- 
pansion—all as functions of particle size and 
of flow velocity and viscosity of the fluidizing 
vehicle. The second investigation,’ in which 
separation of pyritic sulfur and other mineral 
impurities in coal was studied, broadened the 
previous work by introducing the factor of 
density differences into separation studies. 

Radioisotopes that emit gamma rays are 
uniquely suited for tracing the mechanics, 
motions, or disposition of granular solids, 
which are often involved in industrial proc- 
esses.'2-!5 The gamma rays penetrate heavy 
industrial equipment so that the tracer is con- 
veniently detected and located without disrup- 
tion of a process. These studies’’® have been 
directed primarily at coal particle mechanics 
in a fluidized system with a liquid vehicle, and 
the data are also generally applicable to 
fluidized-solid-catalyst systems. 


EFFECT OF PARTICLE SIZE ON 
SEPARATION OF COAL FRACTIONS 


The first study demonstrated the use of a 
radioactive tracer to study the physical process 
of separation in a fluidized bed. Liquid-vehicle 
fluidized systems have attained commercial 
application, particularly in large coal-prepara- 
tion plants and in the mineral-dressing in- 
dustry, for effecting the gravity separation of 
minerals of different density. The basic flu- 
idized bed used in these cases is usually sand 
fluidized by upwardly flowing water. 

The tracers used in this work were samples 
of coal that had been irradiated in a reactor. 
This tracer was so successful that it obviated 
trying any other methods, such as reaction or 
adsorption of radiochemicals on the particles. 
The coal-activation method produces an ideal 
industrial tracer. With proper precautions the 
induced gamma activity can be securely bound 
in the coal particles, faithfully tagging the 
tracer, The half-life of the major radioactive 
Material in the coal is long enough to allow 
unhurried tracer experiments, and yet itdecays 
sufficiently in 1 to 2 years to alleviate disposal 
problems. 
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Radiotracers. The coal used for tracer and 
fluidizer inventory was Pittsburgh Seam bitu- 
minous coal from near Georgetown, Ohio. Its 
ash content is nominally 10%. Since the major 
gamma-emitting activated isotopes are metallic 
elements, the amount and constitution of the 
inorganic ash determine the gamma activity, 
which will vary somewhat for coals from dif- 
ferent sources. 

The neutron irradiations were carried out in 
the Brookhaven graphite reactor. Two pounds 
of coal of select particle sizes was contained 
in an aluminum irradiation cylinder. Irradiation 
was usually for 280 hr at a neutron flux of 1.2 x 
10” neutrons/(cm?)(sec). After a week or two, 
during which short-lived radioisotopes decay, 
the specific activity in the coal is about 11 yc/g. 

The gamma-ray spectrum of the activated 
coal, obtained with an Nal(T1) crystal scintilla- 
tion counter and a Nuclear-Chicago radiation 
analyzer a month after irradiation, is shown in 
Fig. Il-1a. Three reports'®*-° were used to 
interpret the spectrum. In resolving the spec- 
trum, only radioisotopes of half-lives longer 
than 1 day were considered. 

Gamma rays were expected from iron, a 
major coal ash constituent of large neutron- 
capture cross-section. The rays from 45-day 
**Fe have energies of 1.30, 1.10, and 0.19 Mev, 
which coincide well with three peaks on the 
spectrum. However, the relative heights of the 
two highest energy gamma peaks are out of 
proportion, even when the dependence of count- 
ing efficiency on gamma energy is taken into 
consideration. The 1.12-Mev peak is too large 
to be attributed to ™*Fe alone, and it can be 
tentatively surmised that another radioisotope 
contributes to it. Review of single isotope spec- 
trums reveals that 85-day “Sc has gamma 
energies of 0.89 and 1.12 Mev. The latter 
would overlap the 1.10-Mev peak of **Fe, and 
the 0.89-Mev peak is obvious on the spectrum, 
thus confirming this choice. The minor peaks 
from 20 to 37 volts have not been identified 
because of the confusing contribution in this 
range by the Compton scattering from the iron 
and scandium radiation. An attempt to better 
resolve the low-energy spectrum by adjusting 
both sample size and counting geometry re- 
sulted in the identification of a peak at 14 volts 
which can be ascribed to the single 0.32-Mev 
gamma ray of 27-day "cr, 

The gamma-ray spectrum was determined 
again a year after activation (Fig. I-15), and, 
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Fig. IIl-1 Gamma spectrum of activated coal for tracer use. (a) One month, and (b) one year after 


irradiation. 


as expected, the ©*Fe peaks at 1.30 and 1.10 
Mev had disappeared along with the unidentified 
peak at 0.27 Mev, but a strong 0.19-Mev peak 
remained, indicating a very long-lived radio- 
isotope. The K X ray that is emitted following 
K electron capture of Fe has this energy. In 
addition, Fe has a half-life of 3.0 years, and 
the neutron-capture cross-section of *Fe is 
several times larger than even that of "Fe. 
The isotopic abundance is also about 20 times 
that of Fe. However, because of the long 
half-life of **Fe, its contribution to the radio- 
activity of the coal is only about 10% in the 
year-old sample, and less than 1% inthe freshly 
activated coal (only 0.1 mc in the 2-lb sample). 
The only other radiation persisting after a year 
is still identified with “Sc. 


Data on the decay rate of the radioactive 
coal, plotted in the usuai semilog fashion, 
showed a half-life of 85 days for the main 
portion of the curve, confirming “Sc as the 
main source of radioactivity in this activated 
coal. 

If coal is not washed well before irradiation, 
up to 10% of the induced activity can be leached 
from it when it is mixed with water. The 


gamma spectrum of the soluble material in the 
wash water showed that both scandium and iron 


partially dissolve. The unidentified gamma peak 
at 0.27 Mev was especially strong in the water 
solution. As a precaution against leaching, 
which could confuse tracer studies, all coals 
for tracer studies were prewashed by stirring 
with water for 3 hr prior to irradiation. When 
the coal was thus treated, no activity could be 
leached from it after irradiation or activation. 


Fluidization Unit and Associated Apparatus. 
A large experimental unit was constructed for 
radiotracer studies of the mechanics of fluidized 
particles. The large size facilitated accurate 
measurement of times for particles to move 
between select points in the motion studies and 
allowed more accurate extrapolation of data 
for design of commercial fluidized reactors. 

A schematic drawing of the fluidizer and ac- 
cessory radiation-detection equipment is shown 
in Fig. II-2. The basic fluidization vessel was 
made of 6-in.-ID by 20-ft-high pipe. The sys- 
tem was heated and insulated to provide tem- 
perature control for easy variation of viscosity 
in studies on the effect of this variable on 
particle mechanics. 

The operation of the equipment is apparent 
from the drawing. The range of upflow veloci- 
ties is from that just sufficient to initiate 
fluidization (~0.001 ft/sec) to that which is high 
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enough (~0.05 ft/sec) to carry over the sus- 
pended solids. The recycle system provides 
for separation and return of entrained solids 
to the bed when necessary. Prevention of pas- 
sage of solids through the pump is desirable to 
avoid excessive solids attrition and wear. 
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Fig. II-2 Schematic diagram of fluidization unit. 


The radiotracer injector is illustrated in 
Fig. II-3. It can be charged, mounted, operated, 
and removed for recharging without significant 
loss of column inventory, even under pressure. 
The piston and plug are pulled back into the 
closed position, and the cylinder is moved back 
through the plug valve by turning the threading 
handle. The plug valve is then closed to prevent 
emptying of the fluidized column as the whole 
injector assembly is removed by unscrewing 
the injector housing from the plug-valve hous- 
ing. The cylinder can be recharged with a 
water slurry of the labeled coal by opening the 
plug slightly and pouring the slurry into the 
cylinder above the piston. The piston plunger 
is pulled tight to prevent leakage of the coal 
slurry before injection as well as its premature 
diffusion into the fluidized bed. The injector 
housing is threaded back into position, the plug 
valve is opened, and the cylinder is finally 
inserted by threading through the plug valve 
until the end of the cylinder is flush with the 
inner wall of the fluidizing column. 

The coal is injected rapidly into the bed at 
the proper moment by pushing in the piston 
plunger. The plug is pushed out into the flu- 
idizing column while the piston pushes the coal 
out into the bed. It was found necessary to 
inject the labeled coal as a slurry, since dry 
coal rises extremely rapidly through the bed 








ISOTOPE TECHNOLOGY DEVELOPMENT 21 


with little mixing, indicating that it is carried 
entrapped in bubbles of air before it becomes 
wetted by the vehicle. 


A scintillation counter is used to locate the 
tracer or observe its passage past a selected 
point. A guide-rail support and cable winch are 
used for positioning of the counter, as shown in 
Fig. II-2. The lead collimator on the front of 
the counter restricts the viewing field to a few 
inches along the axis of the fluidized column, 
thus locating the tracer with sufficient accuracy 
in a total column length of 20 ft. The counter is 
connected to a radiation analyzer by 30-ft 
coaxial cables. A preamplifier in the counter 
housing minimizes pulse loss. The analyzer 
can be set to select the 0.89-Mev “Sc gamma 
ray, thus screening out much of the background 
radiation. Its output is fed to an integrating 
count-rate meter and then to a fast-speed strip- 
chart recorder to accurately measure travel 
time of the tracer. The travel-time measure- 
ments are important in determining the mixing 
rates and solids residence times in fluidized 
reactor systems. 


Two methods of measuring fluidized-bed ex- 
pansion were evaluated. In the first method, 
applicable to beds of narrow particle-size dis- 
tribution, about 0.3 mc of tracer coal was mixed 
or blended with the coal, uniformly tagging it. 
While the bed was fluidized, the scintillation 
counter scanned it over the length of the column, 
A sudden transition in the counting rate oc- 
curred at the top of the fluidized bed, above 
which there were no radioactive coal particles. 
The expanded bed height could thus be easily 
located. This method was very fast, and the 
bed expansion could be measured in a short 
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time for many variations in operating con- 
ditions. 

A gamma-ray absorption method using a 
131Cgs source opposite the counter was also tried 
for determination of the bed height. However, 
the disadvantage of moving the counter and 
source over large distances without altering 
their relative positions even slightly showed 
that the tracer method of measuring bed heights 
was preferable. 


Typical Results. Some selected resultsfrom 
this study” are given here to illustrate the po- 
tential of the method. In the first tracer appli- 
cation, it was desired to learn whether or not 
fine coal would mix homogeneously in a flu- 
idized bed of coarse coal or be swept out with 
the fluidizing vehicle and, if so, at what rate. 
To study the behavior of fine coal (<100 mesh), 
radioactive coal of this size was injected into 
a bed containing 50 lb of coarse coal (28/35 
mesh) fluidized by water at 0.00625 ft/sec. 
Radiation monitoring was carried out at select 
positions after the injection of the tracer fine 
coal, and these measurements supplied infor- 
mation on mixing and transporting of the fine 
coal (Fig. II-4), Considerable mixing was indi- 
cated by the initial appearance of the fine coal 
at the detecting point at a velocity much greater 
than the superficial velocity of the fluidizing 
vehicle. Also, extensive tailing-out was ob- 
served after the passage of the concentration 
peak. The concentration peak, as reflected by 
the counting rate peak, appeared to have moved 
at nearly the same velocity to the three different 
stations along the fluidized column as shown 
below: 


Height of detector 
above injection point, 


Velocity of movement 
of radiation peak, 





ft ft/sec 
2.3 0.00734 
9.3 0.00737 
17.3 0.00730 


Not surprisingly, its mean value of 0.00734 
ft/sec lies between the superficial velocity of 
the water, 0.00625 ft/sec, and the actual vehicle 
velocity of 0.0096 ft/sec determined by taking 
into account the fraction of voids (estimated as 
0.652). 

The radiation profile became very diffuse 
due to extensive mixing by the time the tracer 
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Fig. U-4 Mixing and transporting of <100 mesh coal 
ina 28/35 mesh fluidized bed. AH = distance from in- 
jection to detector. 


reached the highest detection station. The level 
of radiation went down to zero after 90 min, 
which indicated that there was no substantial 
retention of the fine coal in the bed. Different 
injections were used for the three tracer runs 
of Fig. Il-4; thus the areas under the distribu- 
tion curves are not necessarily equal. 


Another investigation was concerned with the 
mixing rate and equilibrium segregation ob- 
served when particles of various sizes were 
injected into the fluidized coal bed for one flu- 
idization velocity. The bed solids were again 
predominantly 28/35 mesh coal, 10% of which 
was <35 mesh. The peak diffusion velocity and 
the average velocity as well as the approximate 
time to reach equilibrium are shown in Table 
II-1. These velocities illustrate the dependence 
of the mixing rate on particle size. The peak 
velocities were measured from the time of 
passage of the radiation peak past a position 
either 2 ft above the distribution plate or 10 ft 
above the plate, depending upon whether the 


Table II-1 MIXING RATE AS A FUNCTION OF 
PARTICLE SIZE FOR COAL INJECTED INTO 
A HOMOGENEOUS FLUIDIZED BED 


Coal Fluidized by Water; ‘Bed Particle Size: 
90% 28/35 Mesh, 10% <35 Mesh; Superficial 
Vehicle Velocity, 0.024 Ft/Sec; Velocity 
Through Bed, 0.031 Ft/Sec 








Particle Peak Average Time for 
size injected, velocity, * velocity,* equilibrium, 
mesh ft/sec ft/sec min 
6/8 —0.152 —0.182 1 
14/20 —0.0534 —0.0341 2 
28/35 —0.0595,t 60 

+0.0521+ 
48/65 +0.0204 +0.0185 8 
<100 +0,027 +0,024 Swept out 





*Negative values mean the peak moved down the column, 
and positive values, up. 
+Maximum velocities. 
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injected coal fell or rose through the bed. The 
tracer coal was injected at the 5'/,-ft position. 

When the injected coal was larger than the 
bed solids, it fell rapidly through the bed to 
reach its equilibrium position. Finer coal rose 
rapidly through the bed and, in the vicinity of 
<100 mesh, approached the velocity of the flu- 
idizing water, confirming the above observa- 
tions. 

The 28/35 mesh coal diffused both upward 
and downward from the injection point. This fact 
is noted by the plus and minus signs on the two 
values given in Table II-1 for the diffusion 
velocity of this size coal. Maximum velocities 
in Table II-1 were determined from the initial 
appearance of the tracer atthe detection station. 
Here the counter was far away from the injec- 
tion point so that too much diffusion or broaden- 
ing occurred to permit determination of the 
peak with any accuracy for the 28/35 mesh 
tracer. 

The mixing of injected particles that have the 
same size as the uniform fluidized bed is a 
relatively slow process at low fluidization ve- 
locities, while movement of injected particles 
of sizes different from those of the bed into 
distinct segregated positions is a very rapid 
process, as expected. Injected tracer particles 
that are the same size as most of the bed ex- 
perience no unbalanced motive force and are 
indistinguishable physically from the bulk of 
the bed. Liquid-phase fluidization produces only 
short-distance eddies or vortexes; thus there 
is very slow mixing in a uniformbed. But, when 
the particles are lighter or heavier than the 
bulk particle environment, there is a motive 
force and the off-size particles rapidly segre- 
gate. 

After each of the various sizes of tracer was 
injected and time allowed for equilibrium dis- 
tribution, radiation scans of the whole column 
were performed. The composite equilibrium 
distribution of the tracer coal after all the size 
fractions had been injected is shown in Fig. II-5. 
The segregation pattern of the different particle- 
Size ranges is sharp. These observations show 
that the liquid fluidized bed is potentially a 
precise separating tool for particle-size clas- 
sification. = 

The 6/8 mesh coal settled down through the 
bed into the throat of a conical reducer at the 
bottom of the column, which was connected by 
a 2-in. water feed line to the fluidization vessel. 
The water velocity was great enough at this 
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Fig. II-5 Composite radiation scan illustrating seg- 
regation of various sizes of tracer coal in a 20-ft 
column. Superficial velocity, 0.024 ft/sec; bed con- 
tained about 90% particles of 28/35 mesh. 


point to keep particles out of the 2-in. line. The 
14/20 mesh coal also fell through the bed and 
settled directly above the distribution plate at 
the bottom of the column. The 48/65 mesh coal 
rose through the bed and became situated just 
on top of the bulk of the 28/35 mesh bed, whose 
height was 13 ft. The 28/35 mesh coal was 
evenly distributed throughout the bed in about 
an hour, as expected. 


EFFECT OF DENSITY ON SEPARATION 
OF COAL FRACTIONS 


The specific goal of the second project? was 
to obtain data on the rate and sharpness of 
segregation of pyrites and other mineral im- 
purities in coal-water fluidized systems as a 
function of particle density and size. Such data 
can be used in determining the rate and ef- 
ficiency of cleaning coal in potential commercial 
installations utilizing the fluidization principle. 


Hydraulic classification processes, such as 
water fluidization and the use of hydraulic 
cyclones, are of potential utility in mineral 
preparation in general and in coal preparation 
in particular for the removal of impurities. 
The separations generally desired in mineral 
preparation result in the classification of solids 
according to the differences in specific gravity. 
Hydraulic classification processes separate 
particles into categories that are hydraulically 
equivalent. This equivalence is a function of 
both particle size and density. The rational 
design of a fluidized or other hydraulic clas- 
sification system therefore requires that data 


- be obtained on the rate and sharpness of segre- 
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gation as affected by particle density as well as 
that already obtained for size segregation. 

This work, in addition to its broader implica- 
tion to mineral preparation generally, was 
aimed more specifically at the removal of 
pyritic sulfur and other mineral impurities from 
coal. The problem of removing primarily in- 
organic sulfur and secondarily other mineral 
impurities from coal is assuming ever greater 
national importance.- The great bulk of the coals 
available in the eastern part of the United States 
for power generation is high in sulfur. Air- 
pollution authorities are at the same time, in 
the interest of national health, moving in the 
direction of imposing severe restrictions on the 
sulfur content of fuels that can be burned in 
power stations. Thus it will be imperative to 
reduce the sulfur in eastern coals in order to 
maintain the coal markets. 


The efficient removal of pyritic sulfur and 
other mineral impurities from coal first re- 
quires crushing to a relatively fine particle 
size to liberate these minerals from the coal. 
This size is usually <8 mesh. The hydraulic 
density-classification method is one ofthe more 
promising methods potentially capable of ef- 
ficiently cleaning such finely crushed coal, but 
few data are available to design commercial 
installations based on this principle. 


Up to the present time, economic considera- 
tions have made the cleaning of fine coal im- 
practical. However, the transportation of rela- 
tively fine-sized coal in the form of water 
slurries from mine mouth to power station has 
recently been introduced on a commercial scale, 
and wide application of this form of coal trans- 
portation is expected in the next several years. 
Therefore already having the coal ground fine 
for transport leads to more favorable economics 
in cleaning fine coal, and the natural integra- 
tion of hydraulic cleaning with pipeline trans- 
portation now changes the situation. 


Coal Feed and Radiotracers. The single run- 
of-mine batch of coal used in this investigation 
is of Pittsburgh Seam bituminous coal from the 
Williams Mine located in northern West Virginia. 
This coal contains, before cleaning, about 11% 
ash, 2.7% pyritic sulfur, and 4.3% total sulfur. 
The coal was crushed through an8 meshscreen 
and then split at 48 mesh. These two screen 
fractions were used as feed to the fluidization 
unit to produce the fluidized bed into which the 
radiotracers were injected. They were also 
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used in studies of density segregation in a 
hydroclone. 

The radiotracer solids used in this work were 
derived from the inorganic or mineral materials 
separated from the coal and then neutron acti- 
vated. Being physically and chemically the same 
as the natural materials to be cleaned from 
coal, they were valid tracers for following the 
mechanics of removal of mineral impurities in 
cleaning processes. 

For use as tracers of known size and density 
characteristics, aliquots of the two broad size 
fractions were further screened into eight nar- 
row particle-size fractions. From eachof these, 
materials more dense than pure coal (1.3 g/ml) 
were next separated by standard float-sink 
methods into six density brackets. Liquids used 
in the float-sink preparations were mixtures of 
perchloroethylene and gasoline, adjusted to the 
desired density. The same particle-size frac- 
tions were also prepared by grinding a very 
rich pyrite material, whose density range of 4 
to 5.0 g/ml indicated it to be virtually pure 
pyrite (density 5.0 g/ml). Such materials, which 
are called “sulfur-balls” and are readily rec- 
ognized by their metal-like brilliance, can be 
picked by hand from the coal seam. The total 
of 56 size- and density-classified tracers was 
in size brackets of 8/14, 14/28, 28/48, 48/65, 
65/100, 100/150, 150/200, and <200 mesh and 
in density brackets of 1.4 to 1.5, 1.5 to 1.6, 1.6 
to 1.8, 1.8 to 2.2, 2.2 to 2.5, 2.5 to 2.95, and 
4.0 to 5.0 g/ml. 

These physically classified tracers were neu- 
tron activated in the Brookhaven reactor. Those 
of densities less than 2.2 g/ml (low pyrite) 
were irradiated for 200 hr, and those of densi- 
ties above 2.2, for 70 hr. The neutron flux was 
7 x 10” neutrons/(cm’)(sec). After a week’s 
decay, the tracers had a specific activity of 2 
to 5 uc/g, which increased with density due to 
the increase in metallic content. Usually 1 to 
5 g of tracer was used per single tracer ex- 
periment, depending on decay time between 
activation and use. Counting rates of the order 
of 30,000 counts/min were observed through 
the 0.5-in.-thick steel wall of the fluidizer as 
the injected material passed the collimated 
scintillation counter. This is sufficient for very 
accurate tracing. 

The radiation characteristics of the mixed- 
grain coal-pyrite radiotracers were determined. 
The spectrum from a virtually pure, but natu- 
rally occurring, pyrite tracer having a density 








etween 
order 
hrough 
zer as 
imated 
or very 


mixed- 
mined. 
t natu- 
djensity 











Fall 1964 


of 5 g/ml showed that °*Fe was essentially the 
only gamma-emitting radioisotope. A spectrum 
from a mixed radiotracer of about 6% pyrite 
and the remainder coal showed that the major 
radioisotopes are “Sc and **Fe. The 0.89-Mev 
peak characteristic of “Sc is totally absent 
from the activated pyrite sample, which indi- 
cates that scandium is associated either with 
the organic coal or at least with coal minerals 
other than pyrite. 


Fluidization Unit. The fluidization unit was 
similar to that used in the earlier study (Fig. 
ll-2). The principal difference was the use of a 
smaller diameter section, 4 in. in diameter and 
10 ft in length, below the main 6-in.-diameter 
by 20-ft-long fluidization section. This con- 
stricted section allowed a higher fluidizing 
velocity below the main column, and the higher 
density solids that settled out of the main bed 
could still be maintained in a fluidized con- 
dition and in a higher state of resolution. A 
drain valve was installed at the bottom of the 
4-in. section for removal of dense residues so 
that high-gravity radioactive solids could be 
drained from the unit between injections of 
tracer solids and a sequence of injections could 
be made without recharging the fluidizer. The 
trace injection system (Fig. II-3) and the detec- 
tion system were essentially the same as in the 
previous study. 


The fluidization unit was operated as follows: 
An inventory of coal was charged into the unit 
through the top, and the coal was fluidized with 
water at a controlled rate that could be regulated 
between 0.001 and 0.05 ft/sec. Water was passed 
through the unit without recycling until all the 
fines (usually <200 mesh) were stripped out of 
the solids bed by the effluent water. These 
fines were passed overhead to waste collection. 
The unit was then put into closed-loop opera- 
tion with recycle of the overhead water (clear) 
through the column by means of a pump; the 
closed loop minimized the dispersion of the 
radioactivity. 


Fluidization was maintained for 30 min to 
ensure equilibrium in particle distribution. 
Then the tracer particles were injected into the 
bed, and the rate of travel past several pre- 
determined positions was observed by the 
movable counting system used earlier (Fig. 
I-2), The final equilibrium position of the 
tracer in the column could be determined by 
repeated scans of the whole column. 
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For segregation studies, 17 kg of coal was 
charged to the fluidization column. In studies 
of 48/0 mesh beds, the superficial fluidization 
velocity of the water was always 0.006 ft/sec, 
and for the 8/48 mesh beds it was 0.016 ft/sec. 


Hydroclone Unit. The unit used here for 
tracing pyritic particle separation in a hydro- 
clone was a 3-in.-ID hydraulic cyclone from the 
Heyl-Patterson Corporation (Pittsburgh). It was 
installed in a loop consisting of a 500-gal 
slurry-mixing tank and a circulating pump 
(12 gal/min maximum). Coal-water slurry from 
the tank was pumped into the hydroclone, and 
the overhead (clean) and- underflow (refuse) 
streams were piped separately back to the tank. 
The radiation counting or tracing equipment 
could be placed on either of these two off- 
streams for detection of the amount of tracer 
in the overhead or the underflow as tracer was 
injected into the hydroclone feed line. The ratio 
of the total count) from the underflow stream to 
that of the overhead-plus-underflow streams 
yields directly the cleaning efficiency (£) for a 
particular density-size tracer. An even more 
sensitive procedure was to collect the two off- 
streams in 5-gal cans while they contained the 
tracer injection and to count the total radio- 
activity in each sample with identical counting 
configurations. (A typical configuration was to 
place the cans over a fixed scintillation counter.) 
This latter method was adopted for all studies. 
Cleaning efficiency data (the ratios of count 
rates from the two samples) are collected much 
more rapidly by such tracer methods than by 
methods that involve collecting, drying, and 
chemically analyzing samples for sulfur or 
pyrites. The extensive basic information thus 
generated on the cleaning efficiency of particles 
of specific size and density as a function of 
slurry concentration of the hydroclone feed 
would be prohibitively laborious to obtain by 
other methods. 


Typical Results with Fluidized Bed. The most 
pertinent primary data on rates of segregation 
of pyritic particles in a 48/0 mesh fluidized 
bed of coal as obtained by tracer studies are 
shown in Fig. II-6. The fluidization velocity, or 
superficial -water velocity, was 0.006 ft/sec. 
The radioactive pyrite was injected ata position 
9.5 ft above the bottom of the fluidization 
column, and its passage through the fluidized 
bed was. monitored with the counter situated 


. 1.5 ft below the injection point. As the injécted 
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material passed the counter, an asymmetrical 
distribution curve was recorded in response to 
the radioactivity. The time after injection at 
which the maximum count rate was observed 
yielded the peak velocities. The average ve- 
locity shown is the weighted average for all the 
tracer particles, calculated from the area of 
the count-rate response curve. The average is 
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Fig. 1-6 Segregating velocities of pyritic particles 


as a function of particle density in a fluidized bed of 
48/0 mesh coal; 7.5-ft fall. 


significantly less than the peak velocity due to 
tailing-out of the injection by turbulent mixing 
in the fluidized bed. These segregation velocity 
data clearly define the time required to remove 
pyritic particles of a chosen particle size and 
density from a full-scale fluidization unit of any 
dimensions for a 48/0 mesh fluidized bed, 

In further examinations of the data, the aver- 
age velocities as defined above were used, since 
they were more significant than the peak ve- 
locities determined from highly unsymmetrical 
tracer response curves. The peak velocities 
show when the largest amount of segregating 
material settles out of a fluidized bed. 

Segregation of smaller size particles was 
also studied. Tracers of the small sizes, 150/ 
200 mesh and <200 mesh, did not clearly 
segregate but were distributed through the bed 
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or moved entirely up and out of the bed. Thus 
data of these two small sizes did not follow the 
pattern of Fig. II-6 and were not included in 
correlations. These may be viewed as the criti- 
cal sizes where segregation just ceases to be 
practicable. For all pyritic tracers in the 
small size range except one, a portion flowed 
up while another portion moved down. This was 
due to the distribution of both size and density 
in the classification of each tracer; the finer, 
lighter ends of the fractions go up while the 
larger, heavier ends precipitate. The prepara- 
tion of tracers of narrower characteristics to 
better define the critical segregation point 
(combined size and density) would be extremely 
tedious and time consuming. The tracers of 
150/200 mesh size, and 1.4 to 1.5 and 1.5 to 
1.6 g/ml density, segregate past a point 2.5 ft 
below the injection point but never reach a point 
7.5 ft down. These particles find hydrodynamic 
equivalence in a stratum of large particles ina 
lower section of the size-segregated fluidized 
bed and stay there. Such particles would re- 
main ina “middlings” cut in a fluidized clean- 
ing process. 


The upward diffusion velocities of the small 
pyritic particles were essentially constant for 
the various tracers. These particles rose 
through the bed at about four times the flu- 
idization velocity, showing that there is some 
sort of “fluidization force” that expels the fines 
from the bed faster than the upflow of the flu- 
idization medium. No explanation has been of- 
fered for this behavior, although it was also 
observed earlier.’ 


The data thus collected can be used to define 
the time to achieve a desired degree of cleaning 
of coal by density segregation, and a thorough 
evaluation of the method was made® by taking 
samples from various sections of the fluidized 
bed and analyzing them for ash or sulfur. 


Typical Results with Hydroclone. The tracer 
technique yields directly the cleaning efficiency 
(E) for the particular operating conditions being 
used with the hydroclone. The cleaning ef- 
ficiency as a function of particle size and density 
was determined for slurry concentrations of 0, 
10, and 18% coal in the feed to the hydroclone. 
Figure II-7 gives the data for the 10% slurry 
concentration. Only the tracers finer than <65 
mesh were studied in detail, since a few spot 
checks indicated that >65 meshtracers separate 
to the underflow completely in 48/0 mesh slurry; 
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the 65/100 mesh particles are almost com- 
pletely separated, even at low densities. 

For 10 and 18% slurry concentrations, the 
results were very similar, i.e., 90% of the 
150/200 mesh tracers of over 2.0 specific 
gravity was collected in the underflow. The 
rejection of <200 mesh material of lower densi- 
ties was less efficient for the two slurries as 
Opposed to water flow alone; however, this 
small-size low-density material did not inter- 
fere with the arbitrarily set acceptable sulfur 
level of 2.0%. The efficiency of rejection was 
greater for particles >200 mesh and for higher 
density particles (> 2.3 g/ml) in the size vicinity 
of <200 mesh for the slurries as compared with 
water. 


Radioactive Tracers 
for Concentration of Ores 


Gaudin and Ramdohr,‘ in work done at MIT 
under a DID contract, have developed an in- 
teresting device for sorting copper-bearing 
minerals from barren material after neutron 
activation of the copper in the ore. This device, 
together with some preliminary work on the 

marking of copper in copper ores by ad- 
Sorption from solution, is described following 
4 brief historical summary of earlier work on 
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the use of radioactivity and tracers for sorting 
minerals. 


HISTORICAL 


Scrting processes have been used from ear- 
liest recorded history in connection with mining 
operations and mineral processing. For many 
centuries the eye and the hand of workmen were 
used, but in our present civilization this method 
has become uneconomical because of the high 
cost of labor, 

The physical properties used in mechanized 
mass separating operations, such as specific 
gravity, rarely provide differences among ore 
lumps that parallel the metal content. As a re- 
sult much waste cannot be removed in a coarse 
state, and relatively expensive methods, such 
as fine grinding, flotation, and leaching, must 
be used. Mass mining methods have increased 
and will further increase the frequency and 
magnitude of this economic difficulty. Applica- 
tions of radioisotopes make theoretically pos- 
sible several sorting processes for coarse ore 
lumps. 

In 1946 a practical process was developed in 
Canada by Lapointe’™ for sorting uranium- 
bearing ore from waste. It was used for several 
years and produced considerable amounts of 
uranium concentrates. In the original Lapointe 
ore picker, uranium ore was placed ona moving 
belt, and individual pieces were scanned by a 
G-M tube. If an individual ore lump had suf- 
ficient radioactivity to be measured by the 
G-M tube, it was pushed into one bin for further 
processing; if the ore did not contain sufficient 
uranium to affect the counter, the lump fell 
into a refuse bin. This sorter was operated on 
laboratory and pilot-plant scales at the Canadian 
Bureau of Mines laboratories in Ottawa!” and 
later on a plant scale'’* at the Port Hope Re- 
finery. The device was patented in the United 
States, Britain, and Canada,’ and in later 
work lower grade ores were sorted by sub- 
stituting a scintillation counter for the G-M 
tube,!7¢ 

Following the work of Lapointe, Gaudin'® and 
coworkers at MIT devised a similar method, 
based on the *Be(y,n)*Be reaction, for the con- 
centration of beryl. The ore to be sorted was 
passed under an intense gamma source (Ra, 
124Sh, or a Van de Graaff generator) on a belt, 
and the neutrons generated by the reaction 


Be +y—n + *Be 
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were detected and used to activate a kicker 
device. With this apparatus, pieces of beryl as 
small as 1 g could be picked with certainty at 
rates of about five per second. 


While both these devices were successful, 
they depended on specific properties of the 
material—the natural radioactivity of uranium 
and its daughters and the specific (y,v) reaction 
of beryllium. Church’? in 1949 attempted to 
generalize the method by studying the exchange 
of radioactive ions with minerals suchas galena 
(PbS) and pyrite (FeS,) with *so{ and apatite 
(CaF, + 3Ca;P,0,) with *PO{". He found that 
the surface of the mineral had to be oxidized 
before exchange with the tracer would take 
place. This conclusion verified earlier work by 
Paneth,” who found that fresh surfaces of 
natural minerals were resistant to exchange 
but that weathered surfaces exchanged easily. 

Senftle and Gaudin, in the early 1950’s, made 
some preliminary studies of activation of ore 
samples by neutron irradiation. They first 
tried”! irradiation of selected ores with a flux 
of 10’ neutrons/(cm?)(sec) in a Van de Graaff 
generator. With 2.5 sec irradiation and counting 
after 17 sec, minerals containing silver, alu- 
minum, copper, and manganese showed the 
largest counts, as expected. In a second, more 
extensive, study,”* they irradiated 150 speci- 
mens of 51 different minerals in the Brook- 
haven reactor and studied the resulting ac- 
tivities. They concluded that minerals could be 
separated on the basis of induced radioactivity 
but that, because of the effect of trace elements 
on total activity, each ore body would present 
specific individual problems. They also con- 
cluded that the neutron flux of the reactor, 
10” neutrons/(cm?)(sec), was too high and that 
a flux of 10° to 10'° neutrons/(cm?”)(sec) would 
be adequate, 

Halfawy and Senftle*? made a preliminary 
study of the adsorption of radioactive ions of 
Silver, zinc, lead, sodium, thallium, calcium, 
copper, and strontium from solution by the 
following eight natural minerals and rocks: 
galena, sphalerite, pyrite, quartz, beryl, barite, 
calcite, and granite. Contrary to the results of 
Church’® and Paneth,”® the metal ions were 
adsorbed from solution in varying degrees on 
different minerals without prior oxidation, and 
they suggested that adsorption of the proper 
short-lived nuclide for a particular ore could 
be used to tag metals prior to running an ore 
through a radioactive sorter. 
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COPPER ACTIVATION BY NEUTRON 
IRRADIATION4 


The activity in curies of a pure isotope of an 
element after irradiation with a neutron flux 
for a predetermined time is given by 


Nfo 


As—— 
3.7 x 10° 


(1 -e-*) 


where N = number of atoms 
o = cross-section for neutron capture, 
2 
cm 
f = neutron flux, neutrons/(cm?)(sec) 
= decay constant or 0.693/half-life 
t = irradiation time, sec 


Natural copper is a mixture of 69% ®Cu and 
31% cu, which on irradiation gives 12.8-hr 
®4cu and 5.1-min *€Cu, The decay schemes are 





Cy (12.8 hr) 
€,=1%/ €, — . 
39 
41% B fb 
y 1.34 Mev pt 19% 47 n 
$4j 


Cy = (5.1 min) 





Bz 9.2% 
By 90.8% 
y 1.04 Mev 


867 


For a constant neutron flux and a preset ir- 
radiation time, the initial activities of **Cu and 
®4Cu depend entirely on the total copper in the 
ore. However, not only the copper but also the 
other elements in the ore will be activated 
during the irradiation. The amounts of such 
interfering isotopes depend on the chemical 
composition of the sample. To estimate the 
magnitude of this effect, a representative high- 
grade ore sample was analyzed, and the amount 
of each activity for the major elements in 4 
20-g sample was calculated, assuming a neutron 
flux of 5 x 10 neutrons/(cm?)(sec) and 5 sec 
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irradiation time. The results (Table II-2) show 
that the isotopes “si, "Mg, *4Na, ™Ti, Mn, 
and *8Al are formed in considerable amounts in 
addition to the copper isotopes. Other elements 
not listed contribute much less radioactivity. 


Table II-2 INITIAL CALCULATED ACTIVITY IN A 
20-G HIGH-GRADE ORE SAMPLE AFTER 5 SEC 
IN A FLUX OF 5 x 10! NEUTRONS/(CM?)(SEC) 








Amount Initial 

present, Isotope activity, 
Constituent % found mc 
Al,O3 15.7 Bal 28.20 

6 

Cu 0.33 
~ eae fa 10.62 
SiO, 52.8 | 1.66 
MnO 0.12 %Min 0.14 
Na,O 2.1 “Na 0.04 
MgO 4.3 "Mg 0.03 
TiO, 1.6 iT; 0.02 

K,O 2.5 @K 0.0053 

CaO 0.9 Ca 0.0027 





Besides that of the two copper isotopes, the 
radiation of *4Na, *8Al, and Mn will be out- 
standing. Silicon-31 is chiefly a 8~ emitter and 
therefore is not measurable with the equipment 
used. The 1.02-Mev gamma radiation of ?"Mg 
comes so close to the 1.04-Mev gamma radia- 
tion of **Cu that it would not be practicable to 
differentiate between them. 


Experimental. The experimental study in- 
cluded the following steps: Determination of 
optimum irradiation conditions in the reactor; 
analysis of the radiation spectrum after activa- 
tion to distinguish the copper from other radio- 
nuclides; monitoring of overall radiation decay 
as a function of time; and consideration of a 
suitable counting technique for radiocopper. 


(1) Determination of Optimum Irradiation Con- 
ditions in Reactor. The first irradiation, in- 
volving a neutron flux of 5 x 10’* neutrons/ 
(em?)(sec) and an irradiation time of 5 sec, was 
carried out on 10 particles of rich ore con- 
taining about 5% copper and 10 particles of 
poor ore containing about 0.1% copper. Since 
the activity of the particles was found to be 
much too high to measure with the scintillation 
counter, a G-M tube was used to get an ap- 
proximate idea of the overall decay rate. The 
half-life during the first day was between 2 and 
3 hr, probably due to the presence of **Mn, but 
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after 30 hr the activity had dropped enough to 
be counted with a scintillation crystal. 

It was hoped that there would be a marked 
difference between the rich and the poor ore so 
that the pieces could be evaluated by total ra- 
diation measurement; however, this was not 
the case (Table II-3). It should be noted that 
some of the rich particles were much higher in 
activity than average. This may have been due 
to an exceedingly high copper content. 

From these experiments it was evident that 
a flux of 5 x 10'* neutrons/(cm*)(sec) was far 
too high. To ascertain the right flux level, a 
series of experiments was made with pure 
CuSO, 5H,O irradiated 60 sec. The flux ranged 
from 5 x 10° (*8*pu-Be source) to 5 x 10% 
neutrons/(cm?)(sec). The results showed that a 
flux of approximately 10’ neutrons/(cm*)(sec) 
would be suitable for irradiation times of 60sec 
and for small pieces of 0.1 to 5 g. Since the 
activity increases nearly linearly with time, 
higher fluxes are required for shorter irradia- 
tions. The activation characteristics of very 
large pieces cannot yet be predicted. It was 
noticed that with increasing mass the overall 
activity increases linearly, so that bigger pieces 
seem to be more favorable and need lower 
fluxes. However, there will be a limit to this 
advantage due to the absorbing effects of greater 
material thicknesses. 


(2) Observation of RadiationSpectrum. After 
it was found that the overall radiation measure- 
ment did not give satisfactory results, the 
gamma spectrums of irradiated ore and copper 
sulfate samples were studied in detail. A 256- 





Table II-3 RADIOACTIVITY OF INDIVIDUAL PIECES 
OF POOR AND RICH COPPER ORE 





Activity, counts / (min) (g) 





31 hr after irradiation 51 hr after irradiation 











Poor Rich Poor Rich 
15,905 29,054 6,513 10,930 
16,381 50,103 6,522 18,635 
17,049 40,096 7,031 15,130 
17,032 30,133 6,719 11,385 
16,593 37,645 6,691 14,208 
17,175 - 98,033 6,917 34,900 
17,486 25,472 6,927 8,869 
17,323 42,032 6,946 15,217 
16,849 27,914 6,496 10,029 
17,217 27,364 6,646 10,000 


16,901 (av.) 34,421 (av.) 6,741 (av.) 12,711 (av.) 
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channel analyzer was used. The unit consisted 
of a 3-in. Nal(Tl) crystal, channel unit, and 
printer. The printed counts per channel were 
later transformed to graphs to show the energy 
distribution of the induced radiation. The equip- 
ment was calibrated with standards of 22Na, 
‘@cs, Co, and ‘4vin. 

The first specimens examined were the 20 
ore pieces from the first irradiation experi- 
ment after activation in a flux of 5 x10" 
neutrons/(cm?)(sec) for 5 sec and a subsequent 
decay for 30 hr. In both the high- and low- 
grade (“rock”) samples, the activity of *4Na 
remained, while copper was found only in the 
richer pieces. The energy of the copper radia- 
tion was 0.511 Mev, the energy of annihilation 
radiation of 8* particles with ordinary elec- 
trons. The *4Cu peak of 1.34 Mev was not found. 

The activities that could be detected a very 
short time after irradiation were then deter- 
mined to find out if the isotope ®*Cu was useful 
for analytical purposes. Two hundred milli- 
grams of pure CuSO,° 5H,O was irradiated 60 
sec at a flux of 5 x 10!" neutrons/(cm’)(sec) 
and the gamma spectrum was observed, begin- 
ning 4.75 min after irradiation and continuing 
through 42.16 min. Three peaks were found: 
the 0.51-Mev peak of “Cu, 1.04-Mev peak of 
86Cu, and a very small peak for the 1.34-Mev 
energy of “Cu. 

In a third experiment one low- and one high- 
grade piece of ore were irradiated together 
with a reference sample of 200 mg of CuSO, ° 
5H,O at 5 x 10'° neutrons/(cm?”)(sec) for 60 sec. 
The first measurements were made after 4.5 
min for the low-grade ore and after 3 min for 
the high-grade. Continuous readings were then 
made until about 20 min after irradiation. The 
radioelements identified are marked on Fig. 
II-8, which shows the spectrums of high- and 
low-grade ores 13 min after irradiation. The 
high-grade ore shows two copper peaks, one 
for *4Cu at 0.511 Mev and one for **Cu at 1.04 
Mev, although these peaks are not markedly 
present in the low-grade ore. The radiations of 
6vin, *4Na, and *®Al are present in both samples. 

After a careful evaluation of the spectrums 
given in Fig. II-8 and similar curves made at 
various times after irradiation, it was con- 
cluded that *‘Cu is a better indicator isotope 
for copper than °Cu for the following reasons: 


1, Greater peak height after a short waiting 
period, and thus better sensitivity to different 
copper contents 
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2. Longer half-life, and therefore time lapse 
before evaluation relatively independent of decay 

3. The possibility of avoiding confusion of 
27g (1.02 Mev) with Cu (1.04 Mev) 


RADIATION ENERGY, Mev 
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Fig. I-8 Spectrums of gamma radiationenergy from 
0,16 to 26 Mev emitted from high-grade ore (6% Cu) 
and low-grade ore (0.02% Cu). Waiting time after ir- 
radiation, 13 min, 


(3) Overall Radiation Decay. For future ap- 
plication of the neutron-activation technique, it 
is necessary to know how long the irradiated 
ore pieces retain their radioactivity. The 20 
pieces of the first experiment were counted 
from time to time, and the decrease in radio- 
activity was plotted. In the first 9 days, the 
activity decreased rapidly. The activity reached 
‘49 of the original value after 3 hr, '/io9 after 
50 hr, and '/,9) after 100 hr. After this there 
remained a very weak activity for a compara- 
tively long time. This activity contained the 
isotope **Fe (half-life, 45 days) and another 
unidentified isotope with a half-life of more 
than 100 days. The irradiation of these ore 
particles was carried out for 5 sec at a flux of 
5 x 1038 neutrons/(cm?)(sec), but industrial ap- 
plications will use a flux of 10° to 10'° neutrons/ 
(em?)(sec), perhaps with considerably shorter 
irradiation times. Therefore the activity in- 
duced should drop after 2 or 3 days to near 
background, and the concentrates and dumps 
will not remain significantly radioactive. 








se 
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(4) Consideration of Suitable Counting Tech- 
nique for Radiocopper. Three ways of counting 
the induced radioactivity are possible: 








1. Total radiation counting 

2. Discrimination of copper radiation from 
other emitted radiation by gamma spectroscopy 

3. Coincidence measurement of annihilation 
radiation 


For the neutron-activation technique, the over- 
all counting method was not successful because 
of the activity induced in other elements present. 
The second possibility proved to be successful 
even down to low copper contents, but it had 
disadvantages for industrial use. The available 
very high quality NaI crystals that are needed 
for spectroscopy are expensive, are not shock- 
proof and moistureproof, and are not made 
much larger than 4 in. in diameter, and an 
additional discriminating electronic circuit is 
required. The third possibility seemed prom- 
ising because: 


1. Among all the induced gamma activities 
after neutron irradiation, there is only one 
annihilation-gamma emitter, namely, “On. 

2. Large, rugged, and comparatively cheap 
detectors are available. 

3. Coincident counting techniques give very 
little background radiation even for very large 
crystals. 


SORTING DEVICE FOR COPPER ORE **** 


The two sorting devices mentioned in the 
literature '"»"® operate with a horizontal belt as 
the transporting unit for the mineral pieces. 
The advantage of this method, exact adjusta- 
bility of belt speed to apparatus response, has 
to be compared to the disadvantages: relatively 
low rate of particle flow and use of mechanically 
moving parts in the unit (belt and rollers). 

Senftle and Gaudin”! mentioned in 1951 that 
Ore pieces could be activated by dropping them 
through chutes in a reactor. The picking device 
described below was based on the free fall of 
ore particles through it. This device requires 
a minimum time for evaluation of each piece 
and therefore allows a maximum throughput. 

Since the speed of a free falling particle in- 
creases from the point of release, particles 
Should be counted as close to the release point 
48 possible so that the counting time will be 
maximum. By the same token a maximum length 
of counter is also desirable. Maximum counter 
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efficiency can be obtained by surrounding the 
path of free fall with a doughnut or tubelike 
detector. However, big and long counters are 
expensive or impossible to get, and they have 
the disadvantage of producing a very high back- 
ground. The detection method used the * de- 
cay of 12.8-hr “Cu; the f* interacts with an 
electron in the surroundings, resulting in the 
coincident release of two gammas of 0.51 Mev 
that travel in opposite directions. A plastic 
scintillator made of polyvinyltoluene, 10 in. in 
diameter and 13 in. in length with a 2.5-in. hole 
drilled perpendicular to the axis (Fig. II-9), 
was cut in half to use these special radiation 
properties in a coincidence counting system. 
This system eliminates the background nearly 
completely if a fast coincidence circuit is used. 


10-in.-diometer 
PLASTIC 
SCINTILLATOR 


S-in. 
PHOTOTUBE 


PHOTOTUBE 











OUTPUT TO COINCIDENCE UNIT 


Fig. II-9 Arrangement of scintillation detectors and 
photomultiplier tubes for coincidence counting. 


Apparatus Design. Because of these restric- 
tions, the design of the apparatus provides for: 
(1) free fall of particles, (2) a long tubelike 
detector, and (3) coincidence counting. 

The 13-in.-long scintillator stood upright on 
a table 30 in. high. The actual sorting gate was 
15 in. from the ground to provide space for two 
bins, The overall path of a particle through the 
unit therefore was 28 in. When a particle was 
released 2 in. above the entrance to the counter 
(to provide space for a suitable releasing 
mechanism), the traveling time through the unit 
was 0.394 sec, for 0.178 sec of which it re- 
mained in the counter well (i.e., for 45% of the 
total time). These time-distance relations are 
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shown in Fig. I-10, where it can be seen that 
the copper content has to be evaluated in about 
0.2 sec. 

The separation procedure should work as 
follows (Fig. II-11): The previously activated 
particle enters the feeder and cuts the light 
beam to a photoelectric cell. This starts the 
coincidence counter, which counts the radiation 
of the falling particle until a preset number of 
coincidences is reached. This preset number is 
based on calculations from data about the activa- 
tion, the copper content acceptance value, and 
counter efficiency. Having reached the preset 
number, the counter sends out a pulse that 
operates a gate. By this time the particle has 
left the counter and is dropped through the open 
gate in the concentrate bin. After a preset 
time, a few hundredths of a second longer than 
it takes the first particle to pass the gate, the 
whole system is reset and ready to take the 
next piece. If the activity of this second par- 
ticle, starting the counter and falling through 
the system, should not reach the preset count 
because of low copper content, the particle 
drops into the tailing bin. The unit is then again 
automatically reset and ready for the next 
particle. : 

Optimum operating conditions for the photo- 
tubes and scintillators were determined by 
connecting each half of the scintillator to a 
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Fig. II-10 Time-distance relations between particle 
trajectory and electric processing in sorting device. 
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Fig. I-11 Sketch of sorting device. (a) Feeder. (b) 
Photoelectric eye and light source. (c) Plastic scintil- 
lator. (d) Five-inch photomultiplier tube. (e) Pre- 
amplifier. (f) Coincidence selector. (g) Overall ac- 
tivity scaler. (kh) Coincidence scaler for preset count. 
(i) High-voltage supply. (k) Timer. (1) Photoelectric 
relay. (m) Flipping gate. (n) Tailing bin. (0) Concen- 
trate bin. 


scaler and checking the count-rate output under 
different conditions. Results were best with the 
crystal polished and coated with Glidden high- 
reflection paint. Then the site for the photo- 
tube was freed of paint, the phototube was 
attached with silicone glue, and the whole unit 
(crystal and tube) was covered with two layers 
of black electrical tape. The two halves, wrapped 
and sealed, were assembled, and the yield of 
coincidences was checked with a calibrated 
22Na source of 0.054 uc. At top sensitivity of 
1500 volts on the tubes, 30% of the coincidences 
emitted were counted, which is close to the 
maximum amount of 44% detectable coincidences 
with this scintillator thickness and radiation 
energy. When no source or particle was in the 
counter, the number of random coincidences 
occurring from background radiation was 700 
counts/min without shielding. After the counters 
were enclosed in 2 in. of lead, the rate dropped 
to 300 counts/min. If the evaluation time in the 
counter is 0.2 sec, then the background is about 
1 count during this time. 


The sensitivity of recording coincidences at 
various: positions over the length of the scintil- 
lator with the phototubes always at the top of 
the scintillator was then determined. A cali- 
brated **Na source, constantly giving off a known 
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number of gamma rays and annihilation coinci- 
dences, was held in various positions in the 
counter well, and for every position the number 
of coincidences was counted for 1 min, The 
counting rate was maximum at 6 to 9 cm from 
the top of the detector and decreased nearly 
linearly to about 23% of the maximum rate at 
the bottom. The maximum rate was 2700 coin- 
cidences per minute, or 10% of the totalnumber 
emitted from the **Na source. 

The 2-in. photomultipliers were then re- 
placed by 5-in. tubes, which were moved down 
to about 5 cm from the top of the scintillator, 
and the experiment was repeated. The maxi- 
mum counting value was at a point about 10 cm 
from the top of the detector. Here 19% of the 
total number of coincidences emitted was re- 
corded in the scaler. Over the length of the 
detector, a good percentage of coincidences was 
measured. However, the use of two 5-in. photo- 
tubes on each scintillator instead of one should 
further increase this percentage. 

In test operations, inactive ore particles 
were dropped through the activity emitted by a 
“Na source. Everything worked as expected. 
Evaluation of copper content in less than 0.025 
sec was shown to be possible. 

The apparatus in this form could sort par- 
ticles giving off a certain number of coinci- 
dences from others that do not have the neces- 
sary activity. However, ore pieces, even if 
closely sized, may have different weights; there- 
fore a substantial error can be introduced in 
this system. 

Each piece must be weighed to correct for 
this uncertainty. Since the total radioactivity 
of each piece is roughly proportional to the 
weight of the piece, this activity can be used 
for the purpose of weighing. The unit was 
therefore modified so that an overall count 
from each piece can be obtained. In the modified 
design the overall count from the same photo- 
tubes that previously gave only coincidences 
is taken, and a predetermined number of over- 
all pulses, say 10‘, is counted in an additional 
Scaler (g in Fig. Il-11). The coincidence counter 
is connected so that the “Cu pulses must be 
measured before 10‘ counts have been picked 
up from the ore piece. If the piece is large, it 
will give off these counts very quickly; if it is 
Small, a longer time is required. By this 
method the overall count level should determine 
the counting time of copper pulses and thus 
give the copper content. 
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ACTIVATION OF COPPER ORE BY 
ADSORPTION 


As an alternative to neutron activation of 
copper ore, Gaudin and Ramdohr“ also studied 
the adsorption from solution of **Cu on chalco- 
cite, a typical copper-bearing mineral. In a 
preliminary experiment, these workers found 
that chalcocite adsorbed* most of the “Cu from 
a solution but that quartz adsorbed almost none 
(Fig. I-12), The amount of copper adsorbed 
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Fig. II-12 Absorption of oy by pure quartz and pure 
chalcocite after different contact times. 


should be proportional to the amount of copper 
in the ore for the adsorption technique to be of 
much value. Copper ores containing 0.52, 3.11, 
and 5.96% copper were used in most of the ex- 
periments to determine the proportionality of 
4Cu adsorption. 

In the first experiments, it was noted that 
about the same amount of copper was adsorbed 
on each ore sample and that the pH of the solu- 
tion increased while it was in contact with the 
ore. This preliminary experiment suggested 
that copper was being precipitated in the pores 
of the ore by the alkaline reaction of the ore; 
therefore an experiment was done in which 
0.05% sodium hexametaphosphate (Calgon) was 
added to the solutions to complex the copper, 
and the pH of the solutions was varied and 
controlled. The results of these experiments 
are given in Table II-4. 

The ratios of specific activity were deter- 
mined to be unfavorable in alkaline and slightly 





*The term “‘adsorb’’ was used in the original re- 
port! and is retained here for consistency; however, 
in view of the highly specific nature of the interaction 
between the “Cu in solution and the copper ore, it is 
probable that isotopic exchange was taking place, 
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acid mediums. However, when the hydrogen- 
ion concentration was 10~°M, the average spe- 
cific activity of the particles in the ores con- 
taining 5.96% copper was ~21,000 counts/(min) 
(g), and the average specific activity was ~900 
counts/(min)(g) in those containing 0.24%. This 
is a ratio of specific activity between the two 
ores of 24.5, Since the ratio of the copper con- 
tents of the two ores is 24.8, this represents a 
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tract, have developed Geiger counters from 
several flexible materials, including plastic 
sleeving and vacuum-cleaner hose. These flow 
counters, which can be coiled, wrapped, or 
placed in nonlinear configurations, suggest many 
uses. They are constructed of commercially 
available materials and can be made to any 
length. Pulse heights are smaller than those 
from comparable metal-wall counters but are 


Table Il-4 RELATION BETWEEN pH AND THE ADSORBED ACTIVITY 
FOR ORES CONTAINING VARIOUS AMOUNTS OF COPPER 


Cu ore 





- Cu ratio 


Ratio of “Cu adsorbed by ore at given 
pH to that adsorbed by ore with lowest 








Cu content, to ore with Gu-comtent a. 
% lowest Cu pH=1.22 pH=2,08 pH=3.03 pH=5.55 pH =8.30 
0.24 ‘ 
0.24 ev 1,00 1,00 1,00 1.00 1.00 1.00 
3.11 3.11, 12,96 29.31 17.14 11.96 2.05 
. 0.24 . . . 29 . 
5.96 
5.96 Da = 24-83 55.05 76.73 24.50 7.78 2.01 


desirable experimental condition in which the 
specific activity of a particle is directly pro- 
portional to its copper content. Further ex- 
periments showed that 0.05% Calgon and a 
hydrogen-ion concentration of 10°M were op- 
timum for proportional adsorption. The time 
required to reach equilibrium adsorption of 
64cu was ~30 min, which is quite long for a 
commercial process but should be satisfactory 
for laboratory studies. 


Recent Developments in 
Counting Methods 


Studies are under way at several research 
institutions to improve and diversify counting 
methods in radioisotope applications. Two re- 
cent developments that have been reported are 
described below: the synthesis of exchange 
resins that scintillate under radiation and the 
construction of Geiger counters within flexible 
materials. 


Geiger Counters in Flexible Materials 


Richter and Gillespie,”® working at Research 
Triangle Institute under a DID-sponsored con- 


always above 50 mv when flowing helium-butane 
gas is used as a counting medium, Plateaus 
are up to 1000 volts long with 2 to 5% slope 
along this span. 

In some earlier work, Maze”® painted col- 
loidal graphite on soft glass tubing containing 
an axial tungsten wire. When the tube was filled 
with a counting gas and voltage was applied be- 
tween the anode wire and graphite, the device 
behaved like a metal-cathode G-M counter, 
Since then, several external cathode counters 
and chambers have been constructed from 
pyrex and quartz.?"»*8 

In the Richter-Gillespie devices, wire was 
slipped inside a hose or sleeving, a bare copper 
wire was spiraled outside, and a mixture of 
98.7% helium and 1.3% butane (the Geiger gas 
sold by Nuclear-Chicago Corporation under its 
trademark Q-GAS) was allowed to flow through 
the tube. The counters were assembled either 
by joining together short segments of plastic 
sleeving (Fig. Il-13a) or by starting with an 
adequate length of vacuum-cleaner hose (Fig. 
I-13). The anode was maintained in an axial 
position during tube flexing by using polyethyl- 
ene spacer disks or a flexible “skeleton” com- 
posed of disks and rods (Fig. I-13c). End 
pieces were glass T-tubes inserted in the tubing 
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evice 
inter, ‘ 
spect through rubber stoppers. The anode, which en- 
erent tered through the T-tubes, was kept taut by 
slipping it through a second rubber stopper 
(when compressed, the stopper was gastight) at 
Aor the end of the T-tubes, and in some cases by 
opper fastening a spring to each end piece. Experi- 
ire of mental counters of plastic sleeving 3 cm by 
ody ar- 1 m and vacuum-cleaner hose 1'/, in. by 10 ft 
er its were made and tested during this study. A 6-ft 
rough hose counter is shown in Fig. II-14. 
either 
lastic =| EXPERIMENTAL 
ith an ss 
(Fig. Two problems in making a flexible-tube 
1 axial counter were: (1) obtaining a conductive mate- 
ethyl- rial for the external cathode having the desired 
 com- flexibility and (2) maintaining the anode in an 
). End axial position, Among the plastic tubings in- Fig. I-14 Nylaflex-constructed flexible Geiger 
tubing vestigated, all those which were found suf- ~- counter. It is shown here set up as an anticoincidence 
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ficiently conductive for the purpose were vinyl 
chloride polymers (Table II-5). 

Some polyvinyl chloride hoses have other 
characteristics that are desirable for this type 
of counter, such as flexibility and cross- 
sectional rigidity. Three types were tested: 
Nylaflex, Dayflex (both from Dayton Daflex 
Plastics Company, Dayton, Ohio) and Vac-U- 
Flex (Flexible Tubing Corporation, Guilford, 
Conn.). These were.1'/ in. in inside diameter 
by 6 or 10 ft in length. A 10-ft Vac-U-Flex 
counter, containing the polyethylene “cage” sys- 
tem (Fig. II-13b), showed a slope of less than 
2% per 100 volts, The rigid metal-wire helix 
was used successfully as a cathode with this 
hose, whereas the othrers could not be used in 
this way. The thresholds were about 1300 volts 
with helium-butane, Several hours’ flushing with 
the counting gas is required before the counters 
become stable and operate properly. Several 
attempts to seal the vacuum-cleaner-hose coun- 
ter so that it could be used as a self-contained 
instrument were unsuccessful; thus these coun- 
ters can be used only as flow counters, with gas 
continuously pumped through them. This was 
also true of the other flexible-tube counters 
constructed, 

The first flexible-tube counters were made 
with a tungsten anode inside Tygon tubing. 
Glass beads were glued at 1l-cm intervals on 
the anode, a bare copper wire was spiraled 
outside, and gas was allowed to flow inside, It 
showed a fair plateau, but some of its proper- 
ties made is undesirable, and other plastics 
were tried (Table II-5). The most satisfactory 
was PVC-744, a material used in electronics 
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as insulating “spaghetti.” In later experiments, 
tubing was corrugated (slipped over an aluminum 
mandrel or threaded rod, wire-wrapped, heated 
to 110°C for 20 to 30 min, cooled, and re- 
moved), and spacers were attached to each end 
of short segments that were glued together. A 
segmented counter of PVC-744 showed a 500- 
volt plateau with a 5% per 100-volt slope. 

Counting rates of both the segmented and the 
hose counters were as much as many hundred 
thousand counts per minute with little coinci- 
dence loss. Geiger pulses are not propagated 
beyond insulating obstructions, and a single 
tube therefore is composed of a series of short 
independent counters, any one of which can 
operate irrespective of its neighbors. Thus 
counting rates of flexible-tube instruments made 
up of many segments are limited by the re- 
solving time of individual segments or scaler 
circuits, 

Good plateaus were obtained whether the 
counter was straight or coiled. Various anode 
materials and diameters were investigated, 
and, aside from the expected voltage dependency 
upon diameter, little difference in operating 
characteristics was observed, The counter did 
not deteriorate during a counting-rate test over 
more than 3 x 10° counts. 

The absolute efficiency of flexible-tube coun- 
ters for detecting gamma rays was not deter- 
mined, It is probably less than that of metal- 
wall counters, whose efficiency is about 1%. 
Attempts to increase this sensitivity were un- 
successful, Those beta particles entering the 
active volume of the instrument are counted. 
Experiments in which the counter was used as 


Table II-5 TUBINGS INVESTIGATED FOR USE IN SEGMENTED COUNTERS 





» Conducts 
Tubing Manufacturer current 
SLY-105 Illumitronic Engineering, Sunnyvale, Calif. Yes 
Tygon R3603 U. S, Stoneware Company, Tallmadge, Ohio Yes 
PVC-744 Alpha Wire Corporation, New York, N. Y. Yes 
PVC-105 Alpha Wire Corporation, New York, N. Y. Yes 
Dacron-Tygon* Yes 
Tygon R2400 U, S, Stoneware Company, Tallmadge, Ohio No 
Nalgon Nalge Corporation, Rochester, N. Y. No 
Polyethylene No 
Silicone rubber Bentley-Harris Manufacturing Co., Conshohocken, Pa. No 
Natural rubber No 
**Conductive’’ Bittner Corporation, New York, N. Y. Yes, but no 
tubing plateau 
obtained 


*Knitted Dacron (methyl terephthalate —ethylene glycol polyester fiber, Du Pont Company) 
cloth tubing made gastight with Tygon paint containing colloidal graphite. 
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an anticoincidence device were not successful; 
the reduction in background of the shielded 
counter was only 2.5-fold, whereas 10-fold was 
expected, 


Anion- and Cation-Exchange Resins 
with Scintillation Properties 


Ion-exchange techniques have played an im- 
portant role in analytical radiochemistry, but 
plastic scintillators are relative newcomers in 
detecting radioactivity.?**! Seeking adual-pur- 
pose product, Heimbuch and coworkers,” work- 
ing under a DID contract, have synthesized 
resins having both ion-exchange and scintilla- 
tion properties. Their cation resin, SCR-1, and 
anion resin, SRA-1, now are commercially 
available from Tracerlab. 

The resins can be used to detect alpha and 
heta emitters as ionic species by sorption from 
aqueous solution and coupling the resin to a 
photomultiplier tube and pulse counter, Many 
uses have been suggested for beads made from 
the resins, including monitoring of in-line 
process streams and rapid determination of 
tracers in batch-mixing studies. Their chief 
advantages stem from the combination of ex- 
change and scintillation properties, Some radio- 
chemical analyses can be shortened and simpli- 
fied with this tool. The use of the resins 
complements other methods of radioisotope 
detection and counting, but they do not approach 
the absolute sensitivity of low-level beta or 
alpha counters, which detect samples with 
activities less than 1 dis/min, Resins can 
achieve this sensitivity indirectly with larger 
Samples, however, since they concentrate the 
radionuclides, 

In a portion of the work sponsored by Tracer- 
lab, Heimbuch et al. performed practical ex- 
periments (1) to remove and detect ‘I from 
milk, (2) to detect '“C-tagged amino acids, and 
(3) to measure quantitatively the radioactivity 
sorbed on the resin by exposure of photographic 
film to the resin, 

Several ionic species of radionuclides, such 
as Sr, a > 239Du, and “ot: were counted on 
these resins with efficiencies of from 35 to 
85%. Radioisotopé dilution techniques and radio- 
chemistry with "Sr, and later with "Co, were 
used to measure the ion-exchange capacity of 
the beads. An exchange capacity of 0.1 meq 
per gram of beads for the cation resin was 


attained, but more useful pulse heights were - 
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obtained at a range of 0.01 to 0.05 meq/g 
(about 1% of the capacity of nonscintillating 
commercial resins). Anion-exchange capacities 
of 0.1 to 0.2 meq/g (nearly 5% of commercial 
capacity) were obtained with only slight reduc- 
tion in pulse height. 


PREPARATION OF SCINTILLATING BEADS 


Attempts to sulfonate or coat commercially 
available plastic scintillating beads were un- 
successful. But plastic phosphor beads 0.5 to 
0.7 mm in diameter were made by suspension 
polymerization**—** of polystyrene or polyvinyl- 
toluene cross-linked with divinylbenzene and 
containing p-terphenyl. For the cation resin, 
the wave-band shifter usually selected was 
1,4-bis-2-(5-phenyloxazolyl) benzene (POPOP), 
Ionizing sulfonic groups were introduced at or 
near the surface of the beads by direct sulfona- 
tion of the aromatic nuclei, The wave-band 
shifter for the anion resin was 9,10-diphenyl- 
anthracene, in which case the beads were 
chloromethylated, aminated, and then treated 
with methanolic trimethylamine to yield the 
quaternary ammonium derivative. The result- 
ing resins were cross-linked polymers con- 
taining the exchange groups chemically bound 
to the surface of the beads and fluorescent 
compounds in solid solution. 

Factors affecting scintillation pulse height, 
optical clarity, diameter size, and monodis- 
persion of the beads were studied to improve 
pulse height obtained from the resins, Seven 
experiments were performed and are described 


in detail elsewhere:* 


1, Comparison of polymerization initiators 

2. Suspension stabilizers 

3. Effect of degree of resin cross-linking 

4. Comparison of various wave shifters 

5. Effect of graded salt concentrations in the 
suspension solutions 

6. Comparison of graded p-terphenyl con- 
centrations 

7. Effect of mineral oil on pulse height and 
bead quality 


COUNTING EFFICIENCY OF EXCHANGE 
RESINS 


Radionuclide ions were sorbed on scintillating 
resins, and activity was determined either by 
directly coupling a plastic cup (PC) containing 
beads to a photomultiplier tube with optical 
grease or by placing the sorption column in a 
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modified-well liquid scintillation counter (LSC), 
A pulse-height analyzer was used to measure 
output, After the activity of the beads had been 
counted, the activity of the sorbed ions could 
be ascertained by radiochemical analysis and, 
from this value, the efficiency calculated, Table 
II-6 shows the results of several experiments 
of this kind. 


Cation-Exchange _Resin. The efficiency of 
counting “Sr and “Sr-*°y was determined by 
sorption of cations on 1-g samples of beads in 
0.5- by 3.0-in. columns from 0,05 ethylene- 
diaminetetraacetic acid (EDTA) at pH 5.5 and 
elution of “Sr with 6M HNO;. The counting ef- 
ficiency of “Sr compared favorably with the 
end-window tube method. The beads cannot 
compare with the low-background counter since 
the noise of the photomultiplier tube limits the 
sensitivity. The sorption of Sr in the presence 
of magnesium and calcium was measured® by 
spiking 3 liters of tap water (containing a total 
of 24 meq of Ca’* plus Mg’*) to an activity 
level of 0.5 dis/(min)(ml) with "Sr, passing it 
through a column containing 3 g of resin with a 
total exchange capacity of 0.06 meq, and counting 
the activity on the beads, About 380 dis/min 
of Sr, or 27% of the carrier-free activity, was 
sorbed from the water, indicating that Sr did 
indeed displace Ca**+ and Mg’*+ from the resin. 
The total count rate of 200 counts/min, ob- 
tained upon counting the beads in a Lucite cup, 
was 53% of the total "Sr activity sorbed. 


Three alpha emitters, 7**Pu, “'Am, and”!°Po, 
were counted like "Sr except that radiochemical 
analysis was not done. It appeared that mix- 


Table II-6 ISOTOPE COUNTING EFFICIENCIES WITH 
SCINTILLATING ION-EXCHANGE RESINS 








Maximum Ionic Counting 
particle species Method of efficiency, 
Isotope energy, Mev _ sorbed counting % 
“e 0.158 Cco;- LSC 35 
a 0.167 soj- LSC 39 
%6C] 0.714 a LSC 85 
cl- PC 50 
131] 0.610 r LSC 74 
%Sr 0.540 Sr** PC 50 
Sy 2.270 y** PC 71 
239py 5.15 Puci"“9- = LSC 77 
Pu't PC 35-40 
237Np 4.79 Npci"~9- ~— LSC 70 
414m 5.48 Am** PC 40 
2109 5.30 Pot PC 40 
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Fig. II-15 Relative alpha response curves of scintil- 
lating ion-exchange beads. (Total peak counts are not 
to be compared.) 


tures of alpha emitters with an energy dif- 
ference of 0.5 Mev could be resolved (Fig. II-15),. 

Nickel-63 and *“T1 were sorbed on beads, 
which were counted directly in a regular liquid- 
scintillation-counter container. Nickel-63 (beta 
maximum, 0.067 Mev) was counted with 12% 
overall efficiency in two such containers. The 
sorbed activity of 25,300 dis/min, as deter- 
mined by radiochemical analysis and counting 
in a 27 flow counter, gave a net count rate of 
of 3170 counts/min in the liquid scintillation 
counter. A blank containing 1 g of beads hada 
background of 80 counts/min; a blank without 
beads also showed 80 counts/min, Thallium- 
204 (beta maximum, 0.760 Mev) was counted 
with an overall efficiency near 60%. The beads 
were found to have an advantage over gel or 
liquid scintillation solutions in that quenching 
agents in the sample did not affect their fluo- 
rescence. There was no resolution by the beads 
of gamma-ray energy with respect to a “peak” 
of pulses in a given channel of the analyzer, 
but comparisons could be made (Fig. I-16). 
Plastic phosphor cylinders of the same formula 
as the ion-exchange beads were made for 
between-batch testing and also for comparison 
within batches. Pulse heights from disks made 
of these cylinders were 30 to 35% of that of an 
anthracene crystal of equal volume when mid- 
points of the falling Compton edge were com- 
pared, Cesium-137 was used as the gamma 
source for these comparisons, 


Anion-Exchange Resins. The counting effi- 
ciencies for several anionic alpha and beta 
emitters are listed in Table II-6. Absolute 
comparisons of the resin counting efficiency for 
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Fig. I-16 Gamma response curve for scintillating 
beads. The gain setting on the amplifier and voltage 
on the photomultiplier tube were such that the 0.087- 
Mev gamma ray of 8Cq gave a peak at channel 33 on 
a 256-channel analyzer with an anthracene crystal. 


the listed isotopes could not be made since 
more data were needed. It should be noted that 
the plastic-cup method was not so efficient as 
the liquid-scintillation-counter method, In the 
case of Cl, the ratio of counting efficiencies 
for PC/LSC was 0.59. 

Beta emitters gave a much higher photon 
yield per Mev of energy sorbed by the resin 
than did alpha emitters. This can be seen by 
comparing the counting efficiency of **Cl (beta 
maximum, 0.714 Mev) at 85% in the LSC with 
*89Pu (alpha, 5.15 Mev) at 77% in the LSC. This 
is characteristic of plastic scintillators. Nep- 
tunium-237 and ***Ppu were counted with 70% 
efficiency by use ofa liquid scintillation counter. 
This is significant because the isotopes were 
sorbed from concentrated HCl, and apparently 
the HCl had little or no quenghing effect on the 
scintillation property of the beads. A radio- 
nuclide that forms an anionic chloride complex 
(e.g., Fe or Co) presumably could also be sorbed 
and counted on the anion resin. 


PHYSICAL AND CHEMICAL PROPERTIES 
OF THE RESIN 


Effect of Solvents. The resin has good sta- 
bility toward alcohols and aromatic solvents 
Such as benzene, toluene, or xylene. However, 
the aromatic compounds swell the bead and 
leach some of the fluor near the surface. 
Halogenated hydrocarbons and acetone also 
Swell the bead. Toluene swells the resin more 
than do the lower alcohols and acetone, but this 
does not have an adverse effect on the light 
Output. The count rates for several samples 
remained fairly constant for 30- to 60-day 


periods in toluene, as is illustrated in Table 
Il-7. A point of caution about organic liquids 
is the possibility of using a compound, such as 
pyridine or nitrobenzene, which not only swells 
the bead but also quenches the fluorescence. 
However, even the use of trimethylamine, which 
is a strong liquid scintillation quencher, had 
little effect on pulse-height reduction during the 
preparation of the anion resin. 


Toluene -Methanol Drying Treatment, Anion- 
and cation-resin samples were loaded into col- 
umns and washed alternately with toluene and 
absolute methanol. The resin was allowed to 
stand in toluene for 10 min and then rinsed with 
methanol, This treatment simulates the “drying” 
of the aqueous beads preparatory to their 
counting in toluene, After 10 wash cycles, the 
pulse height of each sample was measured, 
There was a slight reduction (~5%) in the 
pulse height of the anion resin, but none was 
observed in the cation resin. 


Regeneration Studies. Samples of both the 
anion and cation resins were put through 50- 
cycle regeneration tests. The resin was loaded 
into an ion-exchange column and treated se- 
quentially with acid and base washes. The re- 
agents used were 5% NaOH and 5% HCl, which 
were used alternately with distilled-water 
washes after each treatment. The anion resin 
did not show any decrease in pulse height; 
however, there was a 10% reduction inthe pulse 
height of the cation resin, 


Inorganic Reagents. The anion resin was un- 
stable to concentrated HNO, for 10 min at room 
temperature. The resulting beads were yellow 
to amber in color with 50% loss in pulse height. 
When treated with 6M HNO, in a similar 
manner, the pulse height of the anion resin was 
reduced slightly (5 to 10%). Commercial anion 
resins of similar chemical structure are not 
stable to warm solutions of 3.5! HNO;. The 
cation resin, on the other hand, has shown con- 


Table II-7 ANION-RESIN-F LUORESCENCE 
STABILITY IN TOLUENE 





Counting efficiency 








Sorbed - Time elapse, 

isotope* Initial % days Final % 
oO) 85.6, 84.6 63 83.3, 83.2 
239py 71.4 55 77.8 





*Duplicate samples were run on *Cl, 
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siderably more stability toward 6M HNO; A 
6M HNO; wash was one of the steps used to 
remove Ag,SO, sulfonation catalyst. Anion resin 
was shaken with 10% aqueous hydrogen per- 
oxide for 90 min at 25°C. The loss in pulse 
height was 5% or less. 

Both resins have shown good stability toward 
concentrated HCl and NH,OH solutions, The 
resin was also stable to boiling aqueous solu- 
tions that did not contain strong oxidants. The 
beads are not deformed at 100°C but cannot be 
heated to this temperature in the presence of 


oxygen. 


Specific Gravity. The resins have a specific 
gravity slightly greater than water. Beads with 
a diameter range of 0.3 to 0.5 mm were tested 
in distilled water with respect to settling rate. 
More than 90% of the beads settled at an aver- 
age rate of 5 to 7 in./min at 25°C. 


PRACTICAL APPLICATIONS 


Heimbuch and coworkers explored three prac- 
tical applications of scintillating resins: sorp- 
tion of “C-labeled compounds from solutions, 
sorption of ‘I from milk, and quantitative de- 
termination of activity by autoradiography. 


4C-Tagged Compounds. Five milliliters of 
a solution of 1 yg of “C-tagged histamine 
(33,000 dis/min) was passed twice through a 
small column containing approximately 0.6 g 
of cation resin, The column was washed once 
with 5 ml of distilled water, and the effluent 
was assayed for “C activity. Results indicate 
that about 95% of the original activity was ex- 
changed on the resin. The minimum counting 
efficiency of the “C-tagged histamine sorbed on 
the resin was 20%. This was 66% ofthe counting 
efficiency of the same compound in a liquid 
scintillation solution. 

Five milliliters of a standard aqueous Mc. 
methionine solution was passed through 1 g of 
H*-form cation resin and washed with ethanol. 
A similar experiment was performed with 
anion resin in the OH form. Results indicate 
that 99% of the amino acid was sorbed by each 
resin. The minimum cornting efficiencies for 
the system were 25% and 23% for toluene- 
immersed cation and anion resins, respectively. 
The counting efficiency for methionine in a 
liquid scintillation solution was 45%. Thus 
scintillating resins presumably can be used 
when the amino acid being determined is in- 
compatible with the liquid scintillation solution. 
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Sorption and Detection of '°'I from Milk. Raw 
milk was obtained from a cow that had been fed 
1311, The collection efficiency ofthe scintillating 
anion-exchange resin waS compared with a 
commercial resin, Dowex 1-X8, containing the 
trimethylbenzylammonium group. 


Table II-8 REMOVAL OF I FROM MILK 








Total '"1 181] sorbed per 
Volume of milk, removal, milliliter of milk, 
Resin ml dis/min dis/min 

Dowex 1 100 at 25°C 404 4.0 
Dowex 1 100 (+ toluene) 450 4.5 

at 25°C 
SRA 750 at 5°C 3444 4.5 
SRA 740 of a 10-fold 341 0.46 

dilution at 5°C 
SRA* 500 (+ toluene) 2025 4.1 

at 5°C 





*Effluent was passed over Dowex 1. No significant ac- 
tivity (<1%) was observed, indicating that the retention ef- 
ficiency of the scintillation anion resin (SRA) was equal to 
that of the standard Dowex 1 resin. 


Three grams of 32—60 mesh scintillating 
resin with 0.10 meq/g exchange capacity was 
compared with 2.5 g of 100-200 mesh com- 
mercial resin with a capacity of 3.2 meq/g. 
The flow rate of milk through the columns was 
maintained at about 2 ml/(cm”)(min). The resins 
were first put in the chloride form with HCl 
and then washed with distilled water until nearly 
neutral effluents were obtained. Nothing was 
added to the milk except toluene, which was 
used as a preservative for half the samples. 
It was found that the scintillating resin, with 
less than one-tenth the exchange capacity of the 
commercial resin, removed the iodine from 
milk with equal efficiency. Furthermore, over 
seven times the volume of milk was passed 
through the fluorescent resin as through the 
commercial resin, Activated resin samples 
were compared by transferring them to a 15- 
by 75-mm test tube and counting them in a 
gamma well counter (Nal crystal). Retention of 
1317 was better than 90%, even when diluted 
milk with a specific activity of only 0.45 dis/ 
(min)(ml) was used, It should be noted that the 
maximum permissible concentration of ‘I in 
milk is 200 pyc/liter or 0.44 dis/(min)(ml). It 
was concluded that the anion resin could serve 
adequately as an analytical tool for ‘I in 
aqueous solutions. Experimental results are 
summarized in Table II-8. 





Fa 











lating 
y was 
com- 
eq/g. 
iS was 
-esins 
h HCl 
1early 
zy was 
h was 
nples. 
» with 
of the 
from 
, over 
passed 
gh the 
mples 
a 15- 
nina 
tion of 
liluted 
5 dis/ 
hat the 
1317 in 
nl). It 
serve 
1317 in 
is are 





Fall 1964 


Photographic Film Sensor. One of the cur- 
rent problems for accurate low-level counting 
is the necessity for expensive and complicated 
equipment. The possibility of using scintillating 
ion-exchange resins coupled with photographic 
film as a nonelectronic detection device was 
investigated. Plutonium-239 and Cl were 
sorbed on resin in 1,.5-dram glass vials. A 
sensitive film was wrapped directly around the 
vial and exposed to the activated resin for 
various periods of time. The exposure times 
(24 hr) and activities required [50,000 dis/(min) 
(g)] to produce quantitative results render this 
system impractical at this time. 


POTENTIAL APPLICATIONS 


Heimbuch et al. envisaged several applica- 
tions in analysis and research for scintillating 
ion-exchange resins. The concentration by evap- 
oration of solutes from large quantities of di- 
lute solutions can be eliminated in some cases, 
and the use of the beads in leak detection with 
alpha or beta tracers is possible. Monitoring 
of in-line process streams where the beads 
can be used to detect tracers canbe considered, 
The beads can be placed in a loop and viewed 
with a photomultiplier tube for detection of 
function (or malfunction) of a process, An ex- 
tension of this principle can be applied to the 
monitoring of ion-exchange and chromatographic 
columns, With the insertion of a scintillating 
resin “sandwich” at a specific position in the 
column, the detection of a radiotracer could 
indicate the resolution of a desired constituent, 
exhaustion of the column capacity, or the time 
to collect a given fraction, 


Since the resins are not affected by oxygen 
or many of the quenchers present in biological 
samples, they complement liquid scintillators 
when there is sample incompatibility and quench- 
ing. 

Because of the ease of sample preparation 
with these resins, radiochemistry may be short- 
ened for some isotopes that can be sorbed and 
counted directly on the bead. The difficulty of 
electroplating certain alpha emitters can be 
circumvented for samples emitting about 20 
dis/min or more. -The property of ion exchange 
also allows for the preparation of a “weight- 
less” sample so that self-sorption of emitted 


The resin sample allows for immediate count- 


ing; carrier yield can be determined later. This . 
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would be important where daughter growth 
complicates counting and calculations. Rapid 
sample preparation is important for short- 
lived alpha and beta emitters needing fast de- 
contamination and counting times. Aqueous so- 
lutions containing unknown levels of activity 
can be screened with an economy of time, 
labor, and materials. 


The resin method is also an alternative count- 
ing technique to that of gas counting. The gas 
apparatus is complex, and the methods can be- 
come tedious for sample preparation. Both 
“Cc and CO, and **s and SO, are determined by 
gas counting techniques, It has been demon- 
strated that the anion resin will efficiently sorb 
and count “C as carbonate and ™sS as sulfate. 
Inorganic and organic phosphates tagged with 
2D can be counted efficiently on the anion resin 
and thus are potentially useful in research with 
nucleic acids, phospholipids, and carbohydrates. 
Other possible applications are in space and 
air-pollution work, 


Radio-Snow Gages: 
A Review of the Literature 


By James L. Smith and Donald W. Willen* 


In 1950, information about the use of radio- 
active sources began to appear in the literature 
of both snow and soil scientists. Since the 
Gerdel pilot study®’ in 1950, more than 20 
papers have been published concerning the use 
of radioactive sources as tools for measuring 
snowpack water content, this research having 
been carried on in seven different nations. All 
but three of these papers describe fixed-location 
snow gages used for measurement of total water 
equivalent in a snowpack. Agashkin*® and Stern- 
zat and Sapozhnikov™ reported on semiportable 
units, but these units are essentially the same 
as the fixed equipment cited below. Ten of the 
cited papers report on the development and 
testing of portable equipment for measuring 
soil water content and soil density, and three 
papers are concerned with use of these portable 





*California Cooperative Snow Research Project, 
conducted by the Pacific Southwest Forest and Range 
Experiment Station, Forest Service, U. 5S. Depart- 
ment of Agriculture, in cooperation with the State of 
California, Department of Water Resources. 
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units for measuring water content and snow 
density at various depths in a snowpack profile. 


Fixed-Location Snow Gages 


Gerdel’s pioneering research set the stage 
for experiments using isotopes to measure 
snow water content. He reported the develop- 
ment of a radiotelemetering snow-gage sys- 
tem that used the principle of water absorption 
of gamma emissions. Since gamma rays are 
about 100 times more penetrating than beta and 
10,000 times more penetrating than alpha, he 
felt that only gamma rays have sufficient energy 
to penetrate a deep snowpack. He described the 
theoretical approach to the problem as: “The 
measured intensity of the radiation which passes 
through snow... may be expressed in terms of 
water equivalent of the snowpack regardless of 
its density or variations of density within it.” 

Preliminary experiments of Gerdel et al.*" in 
the spring of 1948 at the Central Sierra Snow 
Laboratory in California involved gamma emis- 
sion from 20 mc of radiozinc installed beneath 
a 40-in. snowpack of 50% density, i.e., 20 in. 
equivalent water. A G-M tube and a survey 
meter connected to a recording potentiometer 
produced a strip chart that recorded snow de- 
pletion for 1 week. Gerdel remarked that this 
was probably the first record of snowmelt ever 
obtained without disturbing the snowpack by 
sample removal. 

During the 1948-1949 snow season, a °°Co 
source was installed flush with the soil surface, 
and a G-M tube was suspended 15 ft above it. 
Pulses received by the G-M tubes were trans- 
mitted by radio to the laboratory headquarters. 
A “Sr source was used in subsequent experi- 
ments during the summer of 1949. 

Calibration experiments were conducted with 
snows of different densities and with a water 
tank installed between the radioisotope and the 
G-M tube. Equations and calibration curves are 
given in Gerdel’s article. 


SOURCES 


Cobalt-60 has been the most popular source 
with all investigators because ofits high specific 
activity, relatively long half-life (5.3 years), 
and simple radiations (1.17 and 1.33 Mev). How- 
ever, other sources have also been used."*° 
Radioactive cobalt sources used have varied in 
size from 30 to 80 me."~ 
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EQUIPMENT INSTALLATION 


Equipment installations and measuring tech- 
niques have varied in these studies. Gerdel et 
al.5” placed the radioactive source at the soil 
surface, as did Agashkin,*® Doremus,“ Hilde- 
brand,“ Martinec, Robinson,*® and Sternzat 
and Sapozhnikov.** Higashi and Itagaki*®**" placed 
the source above the ground with the G-M 
counter tube at the soil surface. He felt that the 
counter temperature remained more constant 
under the snow cover than in the open and that 
background radiation was reduced or eliminated 
since the snowpack tended to absorb it. Duncan 
and Warnick,*® Fischmeister,“! and Itagaki“® 
also used this arrangement. Itagaki used ethyl 
formate as a quenching agent in the G-M tube 
because the more usual alcohol quench was not 
satisfactory at temperatures below 0°C. 


The distance“ between the radioactive source 
and the counter has usually been 10 to 15 ft. 
Occasionally, however, deep snow has covered 
the whole apparatus and bent or displaced it so 
that the source-counter relation has been 
changed, resulting in an inaccurate count. 


Currently the most widely accepted model is 
the radioactive snow gage used by the U.S. 
Army Corps of Engineers. It is described by 
Robinson“ as a lead-shielded collimator, con- 
taining 80 mc of Co, which is buried in the 
ground; a scintillation detector is mounted on 
an H-frame structure 15 ft above the collimator. 
The detector consists of a 1.5-in.-diameter 
thallium-activated NaI crystal and a photo- 
multiplier tube. Shims are mounted over the 
collimator to compensate for source decay. The 
system is designed for use with a maximum 
snow depth of 50 in. water equivalent. The ap- 
paratus operated satisfactorily over an entire 
winter, but adjustment was difficult to make, 
and temperature variation of the detector caused 
variations in counting rates. 


Duncan and Warnick“’ described a telemeter- 
ing system for use with the snow gage and re- 
ported results from tests using butyl rubber 
pillows, metal diaphragms, snow capacitors, 
and a neutron probe for measuring snow water 
equivalents. 


CALIBRATION 


Several systems of calibration have been 
used. For continuous checking, Gerdel et al.™ 
and Itagaki“® placed a small sample of shielded 
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%Sr in the housing of the G-M tube and removed 
the shield by remote control during the check. 
For calibrating the snow gage, hand-packed 
snow piles*’ and known depths of water3’.4° have 
been most popular. Duncan and Warnick*® ob- 
tained better calibration by allowing a 15-min 
pause between readings of 1 min or less, there- 
by limiting drift. Later they used a swimming 
pool in place of a water barrel, thus approxi- 
mating an absorber of infinite size and more 
closely resembling the conditions of a continu- 
ous snowpack. This test showed that the cali- 
bration curve should be a straight line (on 
semilog paper) over the entire calibration 
range, rather than curving off at high water 
levels. Another test indicated that the pulse- 
height discriminator in the scintillation system 
should be set to pass only those pulses in the 
photopeak range. Energies below the photo- 
peaks produced considerable differences in the 
counting rate between water and snow of equal 
water equivalent. 


Various depths of water equivalent measured 
by the radioactive snow-gage method are given 
by the authors. Agashkin®® measured depths of 
water equivalent ranging from 33.5 in. to pre- 
sumably near zero, since he gives rates of 
melt covering periods of several days. Gerdel 
et al.*’ found that measurements up to 45 in. of 
water equivalent could be obtained with less 
than 5% error. The system developed by Itagaki ® 
is limited to a water equivalent of 23.5 in. 
Kuz’min® found that snow with a water equivalent 
less than 2 in. produced a relative error beyond 
the allowable limit. Martinec“ measured snow 
96.5 in. deep with a water content of 52 in. and 
snow densities ranging from 11 to 60%. The 
system used by Robinson’ is designed for a 
50-in. maximum depth of snow water equivalent. 


Martinec® determined that the absorption 
coefficient for water was constant for all snow 
layers up to a water equivalent of 52 in. This 
coefficient is similar to that obtained by Gerdel 
et al.*’ and is close to the theoretical value. 
Martinec concluded that it was possible to ex- 
press intensity of radiation in terms of snow 
water content regardless of the density of the 
snowpack. - 


The application of nuclear radiation tech- 
niques to most of hydrometeorology is outlined 
by Danilin.®° He describes the nature of radio- 
active isotopes, their measurement, and their 


use in measuring water in its various forms — - 
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soil moisture, snow water content, and ground 
water table. 

In addition to measuring the water equivalent 
of snowpacks, two investigators have related 
the melting of the snowpack to other factors. 
Agashkin®® compared snowmelt in a forest 
clearing, a spruce forest, a mixed forest, a 
clover field, and a wasteland. Martinec®! suc- 
cessfully used his radioactive snow gage for 
snowmelt studies relating ablation rate to a 
degree-day factor, in which the degree-day 
factor indexes water-content depletion of the 
snowpack caused by a mean 1° rise in tem- 
perature above freezing during a 24-hr period. 


Portable Neutron and Gamma Probes 


Three of the papers cited’***»* report the 
use of portable radioactive probes and scalers 
to measure snow water content and snow density 
at various depths within a snowpack profile. 
The investigators worked with commercially 
available radioactive probes of types commonly 
used to measure soil moisture and soil density. 

Belcher, Cuykendall, and Sack®® reported the 
measurement of soil moisture and density by 
neutron and gamma-ray scattering the same 
year that Gerdel reported his pilot study in 
snow measurement with a gamma source, This 
was followed in 1952 by reports on soil moisture 
determination by neutron scattering by Gardner 
and Kirkham,*® and Carlton et al.,°’ and in 
rapid succession by several other workers.*-® 


In 1962 Danfors, Fleetwood, and Schytt in 
Sweden®® reported results from the use of a 
commercially available neutron probe (Nuclear- 
Chicago Corp. P-19 probe) in determining the 
snow density of various portions of a glacier. 
Access holes were drilled, and measurements 
were made between 0,3 and 30 m below the sur- 
face. The snow density was also determined 
gravimetrically. Good agreement was obtained 
between neutron-probe and gravimetric snow- 
density determinations. The authors found a 
considerable spread of some of the individual 
values around the linear relation existing be- 
tween the snow density and the counting rate. 
They noted that no systematic investigation of 
the factors causing this variation had been 
made. 

In the same year Gay™ reported success in 
the use of Nuclear-Chicago neutron (P-19) and 
gamma (P-20) probes to measure snow water 
content and snow density. This work was per- 
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formed in 1958—1962 in the Sierra Nevada 
Range of California. 


Gay’s work was based on the premise that 
hydrologists must study the water content and 
density changes of the snowpack throughout an 
accumulation and melt season. Since gravi- 
metric methods destroy the sampling site, a 
systematic method was needed for study of the 
profile of a pack in situ. Gay felt that the neu- 
tron and gamma probes offered the opportunity 
to study the snowpack profile without disturbing 
it, that changes in density could be detected, 
and that ice-layer formation and free water 
ponded within a pack could be observed. 


INSTRUMENTATION 


To study the water content, Gay** used a 
probe (Nuclear-Chicago P-19) with a 5-mc 
radium-beryllium source, which emits fast 
neutrons, and a boron trifluoride gas detector 
tube sensitive only to slow neutrons. An access 
tube is inserted into the snowpack or soil, and 
the probe is lowered to the desired depths. The 
fast neutrons emitted interact with the sur- 
rounding mass and lose energy (velocity); a 
portion backscatters to the detector. These 
backscattered neutrons have been slowed, 
largely by collision with the hydrogen atoms in 
the soil and incorporated water or almost totally 
by the hydrogen atoms in snowpack water. 
Water in the pack or the soil is then related 
to the rate of returning neutrons as indicated 
by the counting equipment. 


The density measurement is based on an 
interaction of gamma rays with electrons in the 
material surrounding the radioactive source. 
Gay used the commercially available Nuclear- 
Chicago P-20 probe with a '"Cs source. The 
probe is positioned in an access tube, and 
gamma rays are scattered by collision with 
electrons. In soils and similar material, the 
number of electrons per unit volume deter- 
mines the scattering ability. An increase in 
density, to a certain point, thus increases the 
probability for scattering. Some of these scat- 
tered rays return to the detector and are 
counted. The counting rate is proportional to 
density for low-density materials. However, 
when density increases beyond a certain point, 
absorption becomes a greater factor than back- 
scattering, and the counting rate decreases. 
The counting rate is inversely proportional to 
soil density in the range 48.5 to 150 lb/cu ft. 
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CALIBRATION 


Gay calibrated both the neutron and gamma 
probes gravimetrically with snow samples taken 
with a SIPRE* 500-cm® density sampling tube 
(Figs. II-17 and I-18). Such samples normally 
show a variation of 4 to 5% from the mean of a 
number of samples. 





Fig. II-17 Taking a gravimetric SIPRE sample for 
the calibration of snow density gage. 


Gamma Probe. The counts per minute ob- 
served with the gamma probe and densities 
determined with SIPRE snow samples were 
closely related, with an error of about 5% from 
a smooth line drawn through the density data. 

The counting rate was found to increase in 
proportion to snow density to 31.2 lb/cu ft 
(50% snow density) because more of the gamma 
rays are reflected into the detector as the snow 
density increases. 

Although Gay did not sample snow of densities 
above 50%, he claimed that a point in density is 
finally reached at which more gamma rays are 
attenuated and absorbed than reflected. At this 
point the counting rate decreases with further 
increase in density. 

Continuation of this work®’* in 1962 resulted 
in improved calibration of the gamma and neu- 





*U, S, Army Snow, Ice, and Permafrost Research 
Establishment, now the U. S. Army Cold Regions Re- 
search and Engineering Laboratory, Hanover, N. H. 
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Fig. I-18 Pit excavation with SIPRE density sam- 
plers in place. 


tron probes by averaging counting rates deter- 
mined both 6 in. above and 6 in. below the 
measurement point. This decreased the varia- 
bility of the counting rate about the calibration 
line of the gamma probe by 22 to 50% of the 
unexplained variance, 


Neutron Probe. Neutron-probe counting rates 
plotted against snow density determined gravi- 
metrically (SIPRE tubes) show a wide variation 
around a mean line (Fig. II-19).°4 Rates were 
found to be lower for snow than for an equivalent 
amount of water in the soil. Gay explained this 
phenomenon thus: 


The apparent low count rates in snow may be 
caused by changes in either the moderating effect 
of hydrogen atoms bound into ice crystals or in the 
manner in which the slowed neutrons are reflected 
into the detector tube. The scatter occurs in snow- 
pack measurements near 40% snow density when 
appreciable quantities of melt water may be present 
in the snowpack..The presence of this free water 
greatly increases the count rate. A change of count 
rate due to change in state of water from liquid to 
solid was indicated by counts in ice and in water in 
a container 11.75 in. dia and 13 in. deep. The count 
rate in ice of 0.917 density was 12% lower than that 
expected. 
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No improvement was obtained in the predic- 
tion of density and water content from the neu- 
tron probe by using counting rates determined 
6 in. above and 6 in. below the point of mea- 
surement for depths 12 in. and lower. At the 
6-in. depth, counting above and below accounted 
for 75% of the variance observed about the 
calibration line. 

Further studies conducted in the winter of 
1963—1964 improved calibration of both gamma 
and neutron probes. Willen and Smith™? gravi- 
metrically calibrated the probes against both 
SIPRE samples and a sample approximately the 
same size as the sphere-of-influence of the 
probes (a cylinder 12 in. in height and 12 in. in 
diameter). The larger sample greatly reduced 
the 4 to 5% variability inherent in SIPRE sam- 
ples. Calibration of the top 12-in. layer was 
improved for the gamma probe by separation 
of the source and detector. 


ICE-LAYER DETECTION 


The density (gamma) probe was tested for its 
ability to locate ice lenses and layers of vary- 
ing density within a snowpack profile.*4 Gamma 
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Fig. II-19 Relation of neutron counting rate to snow 
density determined with SIPRE sampler and neutron 
soil-moisture probe. 
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counting rates were determined at 1-in. inter- 
vals and related to profile characteristics (Fig. 
Il-20). The incremental change in counting 
rate began to increase as the center of the 
measurement of the probe left the snow-air 
interface. It decreased as the measurement 
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Fig. I-20 Change in gamma counting rate with 
change in snow density (depth) and occurrence of ice 
layers in a snowpack. 


center began to be affected by an ice layer and 
increased again after passing the ice lens. 
Thus, at depths below the point where the 
snow-air interface was effective, although the 
counting rate generally increased with increas- 
ing snow density, the change in rate diminished 
as the center of measurement of the probe 
entered the ice layers. The gamma counting 
rate remained depressed until the center of 
measureinent passed beyond the last ice layer. 
Gay believed this phenomenon was due to the 
geometrical relation between the detector and 
the source, the distance between these being 
10 in. This allowed gamma rays emitted from 
the source to partially penetrate underlying ice 
layers before the detector reached the ice. The 
ice layers, in effect, became shields, decreasing 
the probability of backscattered radiation reach- 
ing the detector. Detection of ice lenses and 
free water was further limited by the nonlinear 
calibration curve. 

Anderson et al.°** found that an ice lens 1.25 
in. thick increased the neutron counts (neutron 
probe) 30% but that gamma counting rates were 
affected only slightly. The neutron probe ap- 
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peared to offer promise for detection of such 
layers, and the gamma probe offered the most 
promise for density measurement of snow with 
included ice. 


SPHERE OF INFLUENCE OF GAMMA PROBE 


Gay studied the size of the sphere-of-in- 
fluence of the gamma probe by progressively 
decreasing the diameter of a column of snow 
surrounding the source-detector probe (Fig. 
IIl-21). A counting rate of 95% of that in an 
undisturbed snowpack was produced in a 25% 
density snow column with a 13-in. radius and in 
a 37%density snow column of 16 in. radius. 
Contrary to expectation, the denser snow re- 
quired a larger column than the less dense 
snow to produce the 95% counting rate. Gay 
suspected that snow structure factors, such as 
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Fig. II-21 Sphere-of-influence studies with density 
probe. 
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crystal size and orientation, affected the gamma 
attenuation enough to cause this difference. 


INTERFACE EFFECTS 


The effect of the snow-air interface was found 
to be critical, preventing gamma determination 
of density in the top 8 in. of snow. Proximity 
to the soil seemed to have little effect. Ander- 
son et al.** felt that this difference was related 
to the similarity of the water content of both 
soil and snow. 

Further tests on snow-air interface effects 
showed that the length of access tube extending 
above the snow affected counting rates for all 
depths through 18 in. The effects of the access 
tube length were large through the 9-in. level, 
becoming insignificant at the 12-in. level. 


AVERAGE SNOWPACK DENSITY 
DETERMINATION BY GAMMA PROBE 


Gay found that “the gamma probe consistently 
underestimated the average snowpack density, 
because of loss of counts to the air as the probe 
nears the surface and because the nonlinear 
shape of the calibration curve “weights’ the low 
density strata.” He concluded, however, that 
the density (gamma) probe provided “a useful 
measure of snowpack density profiles within 
the range 20-40%.” It integrates a large volume 
for each measurement and is therefore limited 
for detecting free water and ice lenses. The 
neutron probe did not provide a satisfactory 
measure of profile density in these studies. 
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Effect of Gamma 
Irradiation on Shasta 
Strawberries Under 
Marketing Conditions 


By E. C. Maxie, N. F. Sommer, and Henry L. Rae* 


The work discussed hereft was done to evaluate, 
under simulated and actual shipping and mar- 
keting conditions, the effectiveness of gamma 
irradiation in retarding decay derived from 
field infections; the respiratory response of 
strawberries to low doses of gamma rays and 
the resulting increase in refrigeration require- 
ment; the effects of gamma irradiation on the 
ascorbic acid content of Shasta strawberries; 
and the susceptibility of irradiated strawberries 
to transit injury. 

Postharvest losses of strawberry fruit have 
been estimated! to be 25% of production in the 
United States. Powelson”? found evidence that 
90% of the strawberries lost to decay along the 
Pacific Coast were infected with Botrytis cin- 
erea Pers., and his data indicate that much 
postharvest decay results from infections orig- 
inating in the field before harvest. Often, floral 
parts are invaded first, and the receptacle is 
infected by fungal growth from these aging 
structures. Since infections within the tissues 
of strawberries are inaccessible to fungicidal 
dusts and sprays, a noninjurious agent able to 





*University of California, Davis, Calif. 

tOriginally reported in ‘‘Radiation Technology in 
Conjunction with Postharvest Procedures as a Means 
of Extending the Shelf-life of Fruits and Vegetables,’’ 
USAEC Report SAN-2001, Annual Report, University 
of California, Davis, Jan. 30, 1963. 
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Irradiation 


penetrate the fruit tissues would be advanta- 
geous in controlling decay of strawberry fruits. 
Ionizing radiation has shown’ some promise in 
controlling decay in Shasta strawberries. How- 
ever, irradiation has been reported to cause 
significant destruction of ascorbic acid in straw- 
berries,‘ although De Zeeuw® and Romani et al.* 
reported that radiation in the pasteurization 
range does not cause a nutritionally significant 
loss. De Zeeuw did not indicate the time inter- 
val between irradiation and analyses in his ex- 
periments, but Romani et al. held their fruit 
for no more than 4 days prior to analysis. This 
time interval is considerably less than many 
marketing periods for California strawberries. 
In studies on the effects of gamma irradiation 
on the flavor and texture of the Shasta and 
Lassen varieties of strawberries held under 
simulated transit conditions, Johnson’ found no 
major adverse effects on aroma, flavor, or 
texture with doses of 0.200 Mrad or less. 


Experimental Work 


Data obtained in a series of experiments 
indicated that a gamma irradiation of 0.200 
Mrad can significantly decrease the subsequent 
amount of B. cinerea rot in strawberry fruits 
during a simulated transit and marketing se- 
quence. Shasta strawberries that were unusually 
sound at harvest were gamma-irradiated with 
0.100 to 0.300 Mrad and then stored 6 days at 
5°C. The amount of fruit that was marketable 
on the day that it would have reached the ter- 
minal market increased from 85% with no ir- 
radiation to 98% with 0.300 Mrad (Table III-1). 
Even when the berries were in poor condition 
at harvest, the percentage that was marketable 
was higher for the irradiated fruit. Most of the 
fruit judged “soft” showed mushy areas on the 
surface. With a dose of 0.300 Mrad, even in the 
fruit that was originally of good quality, the 
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percentage of soft fruits increased sharply; 
and, in the poor-quality fruit, a few berries 
collapsed completely, a reaction typical of 
Shasta strawberries subjected to very high 
levels of gamma irradiation. 


Five percent of Salinas strawberries may 
show actively growing lesions from B. cinerea 


Table III-1 
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EFFECT OF IRRADIATION ON BERRIES IN 
WHICH COOLING WAS DELAYED 


Strawberries shouldbe precooled immediately 
after harvest because the fruit softens rapidly 
at field temperatures, development of active 
lesions is rapid at warm temperatures, and 
berries subjected to a delay in cooling lose 


EFFECT* OF LEVEL OF GAMMA IRRADIATION 


ON SHASTA STRAWBERRIES HELD UNDER SIMULATED 
TRANSIT AND MARKETING CONDITIONS AFTER IRRADIATION 





Amount of fruit in each class,t % 








Irradiation, __Initially high quality Initially low quality 
Mrad Sound Soft Decayed Sound Soft Decayed 
Stored 6 Days at 50°C 
0 85.2 14.9 37.2 35.2 27.4 
0.100 93.3 6.7 46.0 39.3 14.6 
0.200 99.0 1.0 51.0 38.0 11.0 
0.300 98.0 2.2 38.3 51.7 10.0 


Stored 5 Days at 50°C and Then Held 48 Hr at 20°C 





0 19.6 3.2 77.2 
0.100 60.3 12.2 27.5 
0.200 69.5 10.6 19.9 
0.300 72.8 27.2 0.0 





*Values corrected for field decay at harvest, Both ‘‘sound’’ and 


“‘soft’’ fruit were marketable. 


{Fruit that was initially of ‘‘high’’ quality contained 5% soft and 3% 
decayed berries; *‘low’’ contained 25% soft and 3% decayed. 


infection at harvest. In transit, these decaying 
berries infect adjacent fruit, with the inter- 
twining mycelia producing a “nest” of rotting 
berries. When one severely decayed fruit was 
placed in the center of the fruit mass in each 
basket just prior to treatment, gamma irradia- 
tion significantly inhibited “nesting” during a 
low-temperature simulated transit period (Table 
IlI-2), 


Table III-2 EFFECT OF GAMMA IRRADIATION ON 
DECAY OF SHASTA STRAWBERRIES WITH ONE 
SEVERELY DECAYED FRUIT PLACED IN EACH 

BASKET PRIOR TO TREATMENT 


Amount of 
decayed fruit, % 


Dose, 
Mrads 





Fruit Stored 10 Days at 5°C 


0 57.0 
0.100 17.4 
0.200 13,3 
0.300 3.1 


0.400 6.6 


their characteristic luster, with a concomitant 
loss in customer appeal. Berries that had been 
gamma-irradiated after a 6-hr delay in cooling 
and then stored 8 days at 5°C were only 5% de- 
cayed, but, in the controls, decay was 29% (Ta- 
ble IlIl-3). A delay in cooling had no effect on 
the amount of decay in either control or irra- 
diated fruit. However, all fruit held 3 hr prior 
to cooling showed a loss in luster, a condition 
that became objectionable in fruits held 6 hr 
before cooling. 

The decrease in decay in the irradiated ber- 
ries is the result chiefly of a delay in lesion 
development rather than of inactivation of all 
fungal cells within the lesion. Irradiation of 
warm fruit may be effective provided the fruit 
is moved quickly from the field to the irradiator 
and then cooled immediately. 

When the respiration rate ofirradiated Shasta 
strawberries was measured at 5°C, berries sub- 
jected to 0.200 Mrad showed a 45% increase in 
carbon dioxide evolution [23.4 to 34 mg/(kg) 

-(hr)| 24 hr after treatment. By 48 hr after 
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Table IlI-3 EFFECT OF 0.200 MRAD GAMMA IRRADIATION ON SHASTA 
STRAWBERRIES ON WHICH COOLING WAS DELAYED 





Amount of fruit in each class, % 





No irradiation 


0.200 Mrad irradiation 

















Delay in aia weeds _ iain 
cooling, hr Sound Soft Decayed Sound Soft Decayed 
Fruit Stored 8 Days at 5°C 
0 22 28 50 67 27 6 
3 26 24 50 51 34 9 
6 6 15 79 52 37 1l 





treatment, the respiration rate of the irradiated 
berries was only 12% above that of the control 
lots. Thus at 5°C the refrigeration requirement 
per ton of strawberries per 24 hr to remove 
the heat of respiration would increase from 
about 5148 to 7040 Btu during the first day. 
Thereafter the irradiated fruit would require 
but little added refrigeration for the removal 
of respiratory heat. 


ASCORBIC ACID CONTENT OF IRRADIATED 
BERRIES 


The ascorbic acid contents of Shasta straw- 
berries held for simulated transit periods were 
not decreased by a nutritionally significant 
amount by 0.100 and 0.200 Mrad gamma irra- 
diation (Table III-4). 


Table III-4 EFFECT OF GAMMA IRRADIATION ON 
ASCORBIC ACID CONTENT OF SHASTA STRAWBERRIES 


Ascorbic acid, mg per 100 g 
of original weight 








SHIPMENT OF IRRADIATED BERRIES 


In a test shipment of irradiated strawberries 
from Salinas, Calif., to Chicago, Ill., with 6 
days having elapsed between harvest and ar- 
rival, there were no immediately apparent dif- 
ferences in fruits irradiated with 0 to 0.200 
Mrad. Fruits irradiated with 0.250 and 0.300 
Mrad showed a somewhat higher percentage of 
soft fruits. Fruits irradiated with 0.350 Mrad 
showed severe radiation injury, with many ber- 
ries collapsed from loss of texture. However, 
when the berries were allowed to stand 18 hr at 
ambient temperature (18 to 24°C) after removal 
from the cars, the irradiated fruits were in de- 
cidedly better condition than the unirradiated, 
Those that received 0, 0.150, 0.200, and 0.250 
Mrad showed 19, 10, 7, and 4% decayed berries, 
respectively (Table III-5). 


Selection of Optimum Radiation Dose 


The choice of the optimum radiation dose for 
strawberries is difficult. Radiation may be 
viewed as a stress condition, and the physio- 

















Dose, 2 days after 11 days after : A 
Mrads irradiation ireadiation logical status of strawberry fruits would be 
expected to influence the level of radiation 
. eeeed nce required to cause injury to the berries. Straw- 
0.100 64.0 69.9 b + oe he tet 6 sinesell 
0.200 59.2 58.8 erries grown at a norma y low temperatur 
or under a heavy nitrogen regime are more 
Table III-5 EFFECT OF GAMMA IRRADIATION ON SHASTA STRAWBERRIES IN A TEST SHIPMENT 
FROM SALINAS, CALIF., TO CHICAGO, II. 
Amount of fruit in each class, % 
nin On arrival in Chicago Held 18 hr at 18 to 24°C foliowing removal from railroad car 
Mrads Sound Soft Decayed Sound Soft Decayed 
0 87 5 8 75 5 19 
0.150 87 8 5 79 11 10 
0.200 88 8 4 84 9 7 
0.250 74 21 5 76 20 4 
0.300 66 29 5 65 30 5 
0.350 6 90 4 5 90 5 
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prone to physiological disorders than those 
grown under usual conditions. In the early 
spring of 1963, we found excessive softening in 
strawberries subjected to 0.250 Mrad. Later 
in the summer this dose produced no major 
symptoms of injury. We chose 0.200 Mrad as 
the tentative maximum permissible dose for 
the Shasta variety because we have seen no ad- 
verse effect from this treatment under a vari- 
ety of conditions. 


The principal benefit that might be derived 
from gamma irradiation of strawberries is 
retardation of decay during a normal transit 
and storage period. We have held some irra- 
diated strawberries as long as 45 days without 
visible decay. After 21 days, however, the ber- 
ries lost their characteristic appearance, 
aroma, and flavor. This occurs as a result of 
normal physiological and biochemical processes 
within the fruit. Thus we do not foresee any 
dramatic extension in shelf-life of strawberries 
from gamma irradiation. Irradiated strawber- 
ries can be expected to have less decay upon 
arrival at the market if handled properly. This 
could mean a retail period of 2 to 4 days longer 
than for unirradiated fruit under American 
marketing procedures. This extension of retail 
period and decrease in decayed fruit during 
transit could be a significant advance in pre- 
senting high-quality fruit to the consumer. In 
our opinion, commercial test shipments of ir- 
radiated strawberries are needed to test the 
irradiation process under the varied conditions 
existing in the American marketing procedures. 


Materials and Methods 


Shasta strawberries were obtained directly 
from the fields of Salinas Strawberries, Inc., 
at Salinas, Calif., immediately cooled to 37°F 
by the forced-air principle,’ and trucked to 
Davis, Calif., under forced-air refrigeration. 
The individual crates were covered with shrink- 
able plastic and irradiated in the Mark II food 
irradiator’ with the fruit temperature at 3 to 
5°C and with air moving through the chamber at 
a rate of 6500 ml/min. The plastic cover was 
removed, and the fruit was stored at 5°C and a 
relative humidity of 93%. Fruits destined for 
the test shipment were handled as above and 
then trucked back to Salinas for loading into a 
refrigerated Railway Express car. 

Ascorbic acid was determined by the method 
of Loeffler and Ponting.'® Respiration rates 
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were determined by the method of Claypool and 
Keefer.'' Refrigeration requirements for re- 
moving the heat of respiration were calculated 
by the method of Wright et al." Dosimetry was 
as described by Romani et al." 


At the end of the simulated and actual transit 
tests, the berries were sorted into sound, soft, 
and decayed fruit, and the results were ex- 
pressed as percentage of the total. 


Summary 


Gamma irradiation of Shasta strawberry fruits 
at doses of 0.200 Mrad significantly decreased 
the amount of decayed berries without apparent 
ill effects under actual and simulated marketing 
conditions, provided the berries were cooled 
immediately after harvest and kept cool. Field 
infections by the principal pathogen, Botrylis 
cinerea Pers,, are not completely inactivated, 
the beneficial effect of irradiation being inhibi- 
tion of lesion development. Normal physiologi- 
cal and biochemical processes cause the loss 
of characteristic appearance, aroma, and flavor 
after approximately 21 days in cold storage. 
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lV Source Development 


Isotopes and Radiation Technology 





More than 30 radioisotopes have been mentioned 
in recent years for use as radiation sources in 
medical and industrial radiography. In an ear- 
lier issue of Isotopes and Radiation Technology,' 
Pressly briefly reviewed gamma-emitting and 
bremsstrahlung sources and described work at 
Oak Ridge National Laboratory (ORNL) on the 
preparation and use of Fe and “'Pm, Krabben- 
hoft and Green’ summarized work on 13 iso- 
topes used in medical radiography and reported 
on experiments with four of them and '"’Lu, 
Pool and Spangenberg® at the Gatlinburg con- 
ference this year added four more isotopes — 
Shu, py 1 He and ®'w—to the growing 
list. Their criterions were availability, ease of 
production, half-life, suitability of emission 
spectrums, and specific activity of the material 
in which the radionuclide is contained. A recent 
text’ lists nine other industrially important 
sources but points out that Co, Ir, ‘Tm, 
and '8’Cs are used in most commercial radi- 
ography work involving isotopes. In work spon- 
sored by the Division of Isotopes Development 
(DID), **Kr has been studied as a potential ra- 
diographic source.’ Others have also been re- 
ported.*-"! Table IV-1 itemizes the isotopes 
mentioned in the reports noted above. 


There is a continuing need for small, light- 
weight, easy-to-use, and safe radiographic 
equipment for medical purposes in many areas 
of the world. Isotopic sources are ideal supple- 
ments to conventional X-ray equipment for use 
in hospital and operating rooms, emergency and 
Civil defense situations, disaster areas, zoos, 
farms, and military installations.® In industry, 
where isotopic radiographic sources are be- 
coming commonplace, the lack of inexpensive 
low-energy (0.02 to 0.1 Mev) X-ray sources has 
limited their utilization in many areas.’ Although 
Standard X-ray machines satisfy the needs of 
most industrial and medical applications, these 






machines have some limitations. Their large 
physical size limits their use where geometric 
requirements cannot be met—for example, in 
inside-out radiography of small tubular struc- 
tures and 47 radiography. Furthermore, they 
require either external power or batteries. 


Progress is being made in industrial and 
medical applications of radioisotopes in radiog- 
raphy. For example, Green and Krabbenhoft' 
and Allen et al.® recently reported at an Ameri- 
can Nuclear Society meeting on a sealed radio- 
isotope source applied to a tuberculosis survey 
system for chest radiography. They used 6ovph 
in equipment that can be set up in minutes, 
weighs about 225 lb, and fits in the trunk of an 
automobile, In a series of DID programs, work- 
ers at Tracerlab’’® and Illinois Institute of 
Technology Research Institute (TRI)?! stud- 
ied three fission-product beta emitters — “'Pm, 
Sr, and *Kr—as potentially useful industrial 
radiographic sources. At ORNL both '”I and 
“lam sources have been tested,'?’ 
Stockholm'*® as well as in this country, 
1257 is still being developed for radiography. 
Henrikson et al.'° recommend that a '”] X-ray 
unit always be kept in stock for ready use, for 
example, in forensic dental studies at the scene 
of a crime or at an archeological site, 


Various factors affect sensitivity’®’’ (Fig. 
IV-1) in radiography, and comparison of iso- 
topes for radiographic use is often difficult be- 
cause experimental conditions vary from one 
study to the next. A group in England recently 
studied these factors exhaustively,‘’ but com- 
parative work with isotopes and these factors 
has not been done. A wide variety of specimens, 
films, techniques, and exposure times used is 
included ina table in Krabbenhoft and Green’s 
review.” Pool and Spangenberg,’ at the Depart- 
ment of Physics and College of Dentistry at 
Ohio State University, have been attempting to 


55 





Vol. 2, No. 1 






















































raphy 


Table IV-1 ISOTOPES APPLIED TO RADIOGRAPHY 
Isotope Method of production Half-life Principal use* Reference 
241 Am 239 Du (ny)? Pu 470 years I, M; see "pm 2, 4a, 11, 13 
240 bu (n,y)*"! Pu 
Pu 13-2 years “am 
195 ay 1% pt(p,n)'®Au 185 days I, M, feasible” 11, 29 
109Cq 08Cd(n,y)!*Cd 1,3 years Impractical 11 
Co ®Co(n,y)™Co 5.2 years I, commonly used 4a 
131C 19a (ny)! Ba 9.7 days M, among top 11 of 48 2,3 
ip, . icg evaluated? 
IMCs 1335 (n,7)"*Cs 2.3 years I, one of 12 named; suit- 4a; 4c 
able, but cost per curie 
unfavorable 
131Cs Fission 33 years I, commonly used 4a 
199Ce(?)t -- -- M, mentioned only 2 
“Ce Figsion 285 days M, among top 11 of 48 2, 3, 4a 
evaluated® 
159 18D y(n, y)' Dy 144 days M, among top 11 of 48 3 
evaluated 
155Ey Fission; 1.7 years I, one of 12 named‘; M, 3, 4a 
14S (n,y)'*5Sm among top 11 of 48 
1885r 8, 15Ey evaluated® 
55re 4Fe(n,y) Fe 2.9 years No use mentioned; pictures 1 
comparable to low- 
voltage X-ray machine 
183Gq 18.Ga(n,y)'8Gd 230 years M, poor’; among top 11 of 2, 3, 6 
48 evaluated 
1T5Hf 11446 (2, y)!75 70 days M, among top 11 of 48 3 
evaluated 
126] 124Xe(n,y)!*5xXe 57.4 days M; see "pm and text 2, 3, 11 
125y_ EC | 125 
18 hr 
120 Fission 1.6 x 10° Impractical 11 
years 
192], 11 r(2,y) Ir 74 days I, commonly used 4a, 23 
Kr Fission 10 years I, M; 8” excited source 5, 9 
MOT a 13997 a(n,y)'” La 40 hr I, one of 12 named 4a 
ry 8Tu(n,y)'™ Lu 7 days M, good potential 2,6 
4Na 3Na(n,y)*4Na 15 hr I, one of 12 named 4a 
109bq 108 ba (n,y)!® Pad 13.6 hr Impractical 11 
M1 Dm MINg ——— “pm 2.5 years I, M; 8 excited source; 1, 10, 11 
' outweighs 41am, 126) 
(Ref, 11); well-suited for 
portable use 
210b5 Naturally radioactive 138.38 days Mentioned 4a 
26Ra Naturally radioactive 1600 years I, one of 12 named 4a 
Sr Fission 28 years I (Ref, 10); M (Ref. 2); 87 2, 10 
excited source 
45Sm 4Sm (n,y)'“8Sm 340 days M, among top 11 of 48 2, 3, 6 
evaluated? 
1535 185m (n,y)' Sm 47 hr I, one of 12 named‘; M, 2, 4a, 6, 11 
good’; impractical! 
1827, 1817 (n,y)'@ Ta 111 days I, one of 12 named 4a 
110Tm 1697 m (n,y)!? Tm 129 days I, one of 12 named‘; M, 2, 3, 4a, 6, 11 
poor’; impractical"! 
18iw 180W(n,y)'8w or 126 days M, among top 11 of 48 3 
181-79 (p,n)'8w evaluated 
133X6 Fission 5.27 days M, short-exposure work 2,11 
mentioned’; impracti- 
cal"! 
1yp 168 Yb (n,y)'*Yb 32 days M, best?; chest radiog- 2,6 








*I, industrial; M, medical use. 
tUnclear whether an isotope of cerium or cesium 


was used, 
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find a base for comparison of the usefulness in 
isotopic radiography of a number of radionu- 
clides, In their words: 


... (a) the spectral shapes of the radiations from 
conventional x-ray machines operated at various 
kilovoltage dial settings were obtained by the use 
of a Nal crystal and a multichannel pulse height 
analyzer, (b) Hurter-Driffield [i.e., exposure—film 
density] curves from various films exposed to ra- 
diations from radioactive sources and x-ray ma- 
chines were made, and (c) 48 promising radio- 
nuclides were selected and closely examined for 
spectral suitability using a multichannel analyzer. 


They found that to obtain a radiograph with an 
exposure time of a few seconds from the radia- 
tions of any one of 11 “premium” radionuclides, 
radiosource strengths of about 1 curie were 
required—a strength that limits the use of ra- 
dioisotopes for clinical visualization of tissue. 
On the other hand, they noted that with the use 
of image converter tubes smaller sources (a 
few millicuries) would be possible. Hence they 
consider these 11 radionuclides to have abright 
future in this application. 
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Fig. IV-1 Factors affecting radiographic sensitivity. See also Ref, 4b and Table IV-1. 


Krabbenhoft and Green’ evaluated ‘Tm and 
four other isotopes not used previously for clini- 
cal radiography. They made 145 exposures using 
169yp, with emphasis on chest radiography, and 
studied the effects of type of grid, variability of 
exposure time, and short source-film distance, 
A portable chest radiography device for tuber- 
culosis surveys is now using this isotope,’® 
and, although exposures are only slightly longer 
than those with X-ray equipment, they are short 
enough to allow as many patient exposures per 
day as with X rays. They consider the air-skin 
dose to be 2 or 3 mr, which is about the dose 
received in 1 week by the patient from radiation 
in his natural environment, Secondary radiation 
is also low, and the operator receives only a 
fraction of the weekly dose from background, 


Beta-Ray-Excited Sources 
for Radiography 


Beta-emitting isotopes are becoming useful 


‘as radiographic sources. Basic information, 











58 ISOTOPES AND RADIATION TECHNOLOGY 


some of which will be available soon,'® is being 
compiled on the spectrums of a number of them. 

In this application, low-energy X rays are 
produced when f° particles emitted during de- 
cay of a radioisotope impinge on a target and 
excite the atomic K shell of the target material 
to a metastable state. The “decay” of the iso- 
meric form produces characteristic monoen- 
ergetic (Ka) X rays and a bremsstrahlung 
“smear” of polychromatic energies ranging from 
zero to that of the highest bombarding electron 
energy. Conventional source configurations us- 
ing this type of radiation are shownin Fig. IV-2. 
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"SANDWICH" x Peis 
- 
nee 
TARGET TARGET 
Fig. IV-2 Bremsstrahlung source configurations.° 


The bremsstrahlung component can be decreased 
by selection of source parameters, thus allowing 
the monoenergetic X-ray beam to become a sig- 
nificant portion of the total (characteristic plus 
continuous) photon flux. The radiation source 
thus produced is suitable for radiography of 
low-mass objects because its narrow spectral 
spread is in the low-energy range needed for 
radiographic contrast and detail. 

During extended research at the Edsel B. 
Ford Institute, Preuss and coworkers" noted 
that much of the literature describing experi- 
mental spectral determinations was concerned 
with a limited number of beta emitters and an 
equally restricted number of target materials. 
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They found it difficult to compare spectrums 
from one report with the next in terms of ef- 
ficiency and other parameters. Accordingly, 
these workers are cataloging spectrums on a 
comparative basis. They are keeping constant 
the source assembly and detection and recording 
methods; they are varying beta-source and tar- 
get combinations and surveying the secondary 
spectrums, Using different radioisotopes, they 
are studying apposition of source and target, 
intimate mixtures of source and target, andtar- 
get compound—source combinations, 


147 
Pm as a Source 


of Secondary Radiation 


At IITRI a source-target configuration for 
secondary radiation was coupled with several 
different detection systems.'! For this study, 
250 curies of 2.6-year fission-product “'’Pm 


was fabricated into a pellet. With this “pure” 


‘47D source, in which the X rays are produced 
in the isotope itself and inthe chemical carriers 
present, the flux was about 5.5 x 10° photons/ 
(cm’)(sec) at 1 ft from the source. The spec- 
trum was relatively monoenergetic, peaking at 
0.04 Mev. 

Radiographs of both medical samples and 
representative low-atomic-number materials 
were made with this source with standard and 
Polaroid X-ray films with and without intensi- 
fier screens. Although this photon flux was too 
small for satisfactory results when currently 
available image-intensifier systems were used, 
radiographs made with about 1-min exposure 
showed sufficient detail that gross defects inthe 
objects could be determined. 


Source Requirements and Design 


To make a source that would be useful in non- 
destructive testing for radiographic or fluoro- 
scopic applications, Ezop" tried to satisfy three 
general requirements: (1) a small focal spot for 
good definition, (2) a photon energy (radiation 
quality) appropriate for the object under test to 
give good subject contrast and definition, and 
(3) a photon flux (intensity) large enough to sat- 
isfy exposure time or intensity limits. 

Again the source material chosen was ‘'Pm. 
Its beta radiations have a maximum energy o 
0.23 Mev and a range of 50 mg/cm’ in alumi- 
num, and it has no gamma radiation, The oxide, 
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Pm,O;, has a radiochemical purity exceeding 
99% and a chemical purity of 90 to 95%, with 
samarium and neodymium as impurities. 
Promethium-147 decays to stable "Sm, 

Previous studies’® had shown that, with “"Pm, 
X-ray (Ka photon) yields are a few tenths per- 
cent per beta particle and that, with other low- 
energy beta emitters, output is higher with inti- 
mate mixtures of source and target than with 
discrete source and target units. Since "Pm is 
both source and target, no other material need 
be added. 

The source fabricated for this program con- 
tained 366 mg of 47Dm,0, compressed and sin- 
tered into a pellet approximately 7 mm in di- 
ameter and 2 mm in thickness. The pellet was 
encapsulated in an aluminum container 0.5 in. 
in diameter by 0.75 in. in length with a 15-mil 
aluminum end window and placed in astainless- 
steel and Hevimet housing with a movable shut- 
ter. (Detailed drawings are given inthe report."') 
The overall size of the source was about 2 by 
2in, The shutter was controlled witha 3-ft-long 
camera cable release, Dose-rate measurements 
with the shutter closed were less than 7 mr/hr 
with a 3-in.-diameter thin-walled ionization 
chamber in contact with the source housing and 
approximately 135 mr/hr at 1 ft below the end 
window with the shutter open, 


Spectrum and Output 


The energy spectrum of the emerging photons 
was measured with a 1.5- by 1l-in, thin-window 
Nal(T1)-crystal scintillation detector and multi- 
channel pulse-height analyzer. Because of the 
intensity of the source, a source-to-detector 
distance of 30 ft was necessary to avoid spec- 
tral distortion in the analyzer. The spectrum 
obtained has a pronounced peak in the region 
around 0.04 Mev (Fig. IV-3). This peak results 
primarily from emission of the 0.0385-Mev Ka 
X rays of promethium following K-shell ioniza- 
tion and is superimposed upon a bremsstrahlung 
continuum. The photon spectrum is more nearly 
monoenergetic than the outputs of conventional 
X-ray machines. 

The source-target mixture used consisted of 
the “'Pm source, with promethium and its 
daughter samarium acting as the target mate- 
rials, The secondary photon yield of this con- 
figuration is the integrated product of the 
photon production function multiplied by a self- 
absorption function. The X-ray output, N,, from 
this source is given by 
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_ AaN(w,)(1 — e#«') 
Ux 





N, photons/sec 


where A= specific activity of the source, 
curies/g 
a = source area, cm? 
y= K X-ray absorption coefficient (in 
promethium px= 4.66 cm’/g at 0.04 
Mev) 
t= source thickness, g/cm* 
N(w,) = total production function (~4 x 10~ 
photon per beta) 


Calculations from spectral data showed that 
the flux of photons with energy around 0.04 Mev 
is ~5.5 x 10° photons/(cm’)(sec) at 1 ft fromthe 
source. From the equation, the expected flux is 
~8,1 x 10° photons/(cm’)(sec) at 1 ft. Since the 
15-mil aluminum window absorbs ~5,5% and 
since ~10% of the K-shell vacancy results in 
emission of Auger electrons and not K X rays, 
the expected flux is reducedto ~7 x 10° photons / 
(cm’)(sec) at 1 ft. The total flux of photons of 
all energies calculated from the spectral data 
is ~8 x 10° photons/(cm’)(sec) at 1 ft. A mid- 
range value was chosen for the fluorescence 
contribution, 


100 + 
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Fig. IV-3. Promethium-147 energy spectrum. 


Results of Experimental Applications 


The “'Pm source output was essentially 
monochromatic, and experimental applications 
centered around inspection of low-atomic- 
number or thin materials, e.g., medical and 


‘ dental radiography and fluoroscopy as well as 
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radiographic inspection of components used in 
the missile, aircraft, and electronic industries. 
In a later study at ORNL,’ a human hand and 
various metal and plastic objects were radio- 
graphed with good results, 


Table IV-2 summarizes the results of the 
radiographs made by Ezop'! with “'’Pm and 
gives one comparison with an exposure from a 
conventional hospital X-ray machine. 

A survey of image intensification equipment 
indicated that the minimum X-ray requirement 
is 3 to 6 mr/min at the face of the image- 
intensifier tubes for usable results, Since the 
experimental source delivers approximately 2 
mr/min at 1 ft with,no object absorbing the 
photon beam, the output of this source is too 
weak for satisfactory use with current models, 
Increasing the effective source output by in- 
creasing the source area or decreasing the 
source-to-detector distance would provide a 
sufficient flux at the face of the image tube, but 
penumbra effects would distort the image and 
wash out any fine detail, However, Ezop'' noted 
that image-intensifying systems now under de- 
velopment may allow the use of low-activity 
input sources, and such devices as image- 
intensifier spark tubes,’® which allow photo- 
graphic recordings of single electrons from the 
photocathode, would have the gain needed for 
low-energy applications. 


Limitations and Applications 


The limitations of beta-excited X-ray sources 
such as “'pm result from the limited photon 
outputs per unit of source area and the fixed 
photon energies for a given source. To obtain 
high-definition radiographs, either the source 
area should be small or the source-to-object 
distance large, and the X-ray film should have 
high definition, which implies slow speed. 
Therefore high-definition radiography using 
beta-excited X-ray sources requires relatively 
long exposure times, and, conversely, short ex- 
posure times result in loss of definition. The 
fixed photon energies from any given source 
also limit its use to certain classes of mate- 
rials; for example, the low-energy (0.04-Mev) 
photons from ‘Pm are most applicable to low- 
atomic-number or thin materials. 

Because of general characteristics men- 
tioned above, certain nondestructive-testing 
uses of beta-excited X-ray sources, ‘’Pm in 
particular, seem practical. An X-ray system 
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consisting of an isotopic source and a mechani- 
cal Polaroid film unit requires no darkrooms, 
chemicals, or power supplies. Loading of the 
cassette, exposure, and development require 
less than 5 min, and results are available for 
immediate evaluation, 

Pressly at ORNL recently made a series of 
radiographs that illustrate the potential applica- 
tion of ‘‘*Pm sources in nondestructive testing, 
The object chosen was an Amperex 6960 vacuum 
tube, one end of which is encased permanently 
in an alloy- or silver-coated copper wall, Fig- 
ure IV-4 shows two exposures of this tube made 
with a 970-curie “'Pm,O, source. Its coil and | 
thin wires are visible in Fig. IV-4), but actually 
all the details shown in this picture were seen 
when the 9-min radiograph (Fig. IV-4a) was 
placed on a light table or held up to an ordinary 
light source, The radiographs also demonstrate 
that degrees of density can be visualized by 
manipulating exposure time. Pressly noted that, 
with a 3000X Polaroid posilive-negative film, 
improved image visualization might permit ex- 
posures shorter than 9 min for similar mate- 
rials. This film is not now available. 

In the medical field such a unit could provide 
on-the-spot radiographic inspection to deter- 
mine the location of possible bone fractures or 
of foreign matter lodged in body tissue. Although 
the results would not contain as much detail as 
radiographs made by conventional techniques, 
they could provide emergency diagnostic infor- 
mation. For military applications, especially in 
combat zones, such examinations may be the 
only ones available. Possible civilian applica- 
tions might include on-the-spot radiographs of 
persons injured in accidents or routine exami- 
nations where access to an X-ray laboratory is 
impractical or would cause a hardship to the 
patient, 

The number of practical potential industrial 
uses of beta-excited X-ray sources probably 
exceeds the medical ones because exposure- 
time requirements are not so critical, In gen- 
eral, high-definition radiographs should be pos- 
sible because there is no relative motion among 
source, object, and film to wash out fine detail. 
Field inspections, especially those involving 
limited accessibility, and routine nondestructive 
tests where geometric problems necessitate 
small and/or irregularly placed X-ray sources 
appear feasible with isotopic devices. Inside- 
out radiography of a pipe is an example of such 
a use, Other specific applications could include 
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Table IV-2 EXPERIMENTAL RADIOGRAPHY OF HUMAN AND INDUSTRIAL MATERIALS* 
Source-film Exposure 
Source Filmt Object distance time Results 
Hospital Kodak Royal Skeleton Not stated Not stated Good diagnostic value 
machine Blue Medical hand 
“1pm Same film Same 1 ft 30 sec Fine structure visible; not 
with screen A so sharp as machine 

Same Same 2 ft 140 sec Quality improved slightly 
over 30 sec 

Same Lower forearm 1 ft 50 sec Gross defects clearly visible 

and hand 

Same film Chipped finger Same 60 sec Bone chip visible; overex- 

with screen B bone posed 

Same Foot Same Same Bone fine structure visible 

Collimated Same Jawbone and 2 in. (source 10, 15 sec Teeth visible; no evaluation 
41Dm teeth inside, film on 
teeth) 

Kodak No-Screen Same Same Few minutes’ Fine structure detail im- 
proved over 10, 15 sec 
exposure 

“lpm Polaroid radio- | Skeleton hand 1 ft 1 min No fine structure visible 
graphic type 
3000 X 

Same Hand 9 in, 40 sec Limited to locating fractures 
and foreign bodies in bone 
structure 

Same Foot 1 ft 1 min Same 

Kodak Royal Copper, alumi- 1 ft 1 min Various resolutions 

Blue Medical num materi- achieved; no evaluation 
with screen B als 

Polaroid radio- Same 6 in 20 sec Internal void in aluminum 

graphic type connector visible 
3000 X 
Ordinary Unspecified Radiotrans- Unspecified Unspecified Object nearly invisible 
photograph mitter 
“bm Polaroid radio- Same 1 ft 5 min Components visible 
graphic type 
3000 X 
Kodak Royal Same Same 1 min Same 
Blue Medical 
with screen B 

Same Potted circuits Same Same Components visible; visual 
inspection would require 
destruction 

Same film with Same Same Same Same 

screen A 
Polaroid radio- Dosimeter and Same Same Same 
graphic type switch 
3000 X 
Kodak Royal Cast turbine Same 30 min No evaluation; blade visible 


Blue Medical 
with screen B 


blade 





*Compiled from data and radiographs shown in a report by Ezop" of IITRI. 
tScreen A, Patterson Lightning Special Intensifying Screen; screen B, Patterson HiSpeed Screen. In the Polaroid ex- 
posures the results are printed positive. 
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Fig. IV-4 


Radiographs of vacuum tube with 47m source with exposure times of (a) 9 min and (b) 36 


min, Picker X-ray Polaroid T60-824 equipment was used, the Amperex 6960 tube being placed on the 
cassette and the source positioned 41 cm from the film. Source: 970 curies of '’Pm (455 curies per 


rram of '47Pm,O,), of which 57.4% was '47p 
a 23 


m,Og3, and the remainder, M47Sm.0Os. Polaroid 3000 X posi- 


tive film, Readings with ionization chamber type dosimeter were 600 mr/hr at the surface of the 


film and 20 mr/hr at 1 ft perpendicular to the beam, 


radiographic tests on encased electronic cir- 
cuits; thin welds, such as those found in tubing 
and airframe construction; and inspection of 
thin-sheet and low-atomic-number materials 
used in missile, aircraft, and allied industries. 

Nondestructive tests such as critical absorp- 
tiometry, thickness gaging, and quantitative and 
qualitative analysis by fluorescence excita- 
tion are also possible with beta-excited X-ray 
sources,!° 


Economics of '47Pm Source” 


At a price of $12 per curie forthe 95% chemi- 
cally pure “'Pm (specific activity 600 curies 
per gram of promethium) used in Ezop’s study, 
the cost of an X-ray source similar to the ex- 
perimental one described above would be ap- 
proximately $3000. If a ““"Pm source should be 





*Generally speaking, costs given for isotopic ra- 
diographic sources are those of the isotope, and do 
not necessarily represent total cost, including encap- 
sulation and other charges. In the case of 47pm, the 
stated price included a purification step to remove 
Eu and “Eu, 


fabricated from material having a specific ac- 
tivity of 920 curies per gram of promethium 
and a thickness of 650 mg/cm’* (~3/,,), it would 
have a flux of ~6,2 x 10° photons/(cm’)(sec) at 
1 ft. This would be a 12.5% increase in output 
at an 8% lower cost. A high-specific-activity 
source with a 2/y, thickness would have the 
same output as the experimental source witha 
40% lower cost. 

Ezop'' noted that costs also could be lowered 
by reprocessing the source material after, say, 
a period of one half-life, the source material 
being returned for credit on a new source; 
users of reactor fuel elements operate in this 
manner. He also concluded, from calculations 
of expected photon yields and other character- 
istics, that "Pm outweighs both “!Am and ‘I 
in usefulness as a radiography source, 


"Kr for Beta-Excited 
Radiation 


A variation of the beta-excited X-ray radio- 
graphic method” has been developed®:’ with 
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Kr. In addition to being readily available and 
relatively inexpensive, this radioisotope is bio- 
logically inert. Advances in “packaging” of ®Kr 
have allowed its use in solid form,” the krypton 
being trapped by molecular bonds in hydroqui- 
none to form a clathrate. Specific activities 
have been obtained by this method which corre- 
spond to many atmospheres of gaseous **Kr of 
the same volume. 

Bersin et al,° studied the use of clathrates in 
radiorelease applications, tracing, radiography, 
X-ray analysis, therapy, and X-ray measure- 
ment. McCue? later published an account of the 
work on radiography alone. Krypton gas has 
also been used as a beta source for brems- 
strahlung and characteristic radiation by other 
researchers,!°,22 

Nuclear-Chicago Corp. constructed two 
sources for DID-sponsored work at IITRI,'® one 
containing about 25 mc, and a second, 500 mc 
of gaseous "Kr, The cylindrical containers 
were thin electrolytic nickel tubes 0.25 in, in 
diameter and 4 in. in length with wall thick- 
nesses of about 0.0015 in. The 25-me source 
was used for a study of spectral distribution of 
X rays produced in different geometries and 
with various target materials. The 500-mc 
source was used in experimental applications. 
Filosofo’’ pointed out that, with the source ma- 
terial of about 80 mc/cm’ available at present, 
even in a relatively high-pressure beta source 
contained in a capsule made of proper target 
materials the total beta activity and X-ray out- 
put were still below those obtainable for the 
same size sourcé with "Sr and “’Pm, two ra- 
dioisotopes he also tested, High-activity X-ray 
sources using “Kr also are limited by the 
presence of a 0.54-Mev gamma component. For 
every curie of kr, this component will give 
an exposure of about 10 mr/hr at 1 ft; thus ef- 
fective shielding for biological protection is 
needed if a large amount of this isotope is used, 
Filosofo concluded that the main field of appli- 
cation of the gaseous source could be thickness 
gaging by absorption and fluorescence radiation 
measurements, 

McCue,’ a coworker of Bersin at Tracerlab, 
stated that low-energy X-ray sources using beta 
excitation from **Kr clathrate to produce X-ray 
fluorescence of a target material can be suc- 
cessfully used for the radiography of low-mass 
objects. An inherent advantage of the **Kr clath- 
rate over gaseous **Kr is the simplicity of con- 
taining relatively high source strengths in small 
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volumes. A 500-mc gaseous source requires a 
pressure of 8.75 atm, while 1 g of solid clath- 
rate has the same activity at atmospheric pres- 
sure, The theoretical upper limit is 3 curies 
per gram of clathrate* when 5% enriched *Kr 
is used,° 

Four source-target configurations were stud- 
ied at Tracerlab in exploring **Kr clathrates 
for radiography. 


Mixture Configuration 


Bersin and coworkers’ selected seven target 
materials to give a range of Ka energies be- 
tween 0.01 and 0.1 Mev: 








Target 
compound Ka, Mev 

KCl 0.012 
Ag,CO, 0.022 
BaCl, 0.032 
Sm,03 0.04 

W 0.069 
PbCl, 0.074 
U30, 0.097 





Clathrate with a specific activity of 0.5 mc/g 
was mixed with 25 to 75 wt.% target material. 
Data were obtained by scintillation spectrome- 
try with a 1.5- by 1l-in. Nal(T1l) crystal, photo- 
tube, and 20-channel analyzer. Source-target 
mixtures were inserted in a Lucite-lined count- 
ing well, 

By analysis of the source data obtained by 
varying the target material, target concentra- 
tion, angular geometry, beam filtration, and 
layer thickness, these investigators formulated 
the following concepts on clathrate-target mix- 
tures. Data were compared on the basis of spec- 
tral purity and intensity of Ka flux. 

Target Atomic Number. In general, in- 
creasing the target atomic number increased 
the Ka flux output. A notable exception was 
U,0,, which produced less Ka flux per milli- 
curie than one of the lower atomic number tar- 
gets, probably because of the excessive screen- 
ing by the many oxygen atoms andthe scattering 
of Ka and f” radiation. The relative spectral 





*McCue® claims a potential capability of 4 curies 
per gram of clathrate and states that an equivalent 
gaseous pressure would have to be 70 atm to contain 
the same activity. A concentration of 0.5 curie per 
gram of clathrate is now possible.° 
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purity for U,0, also was decreased, probably 
for the same reasons. The sharpness, or spec- 
tral “purity,” of the Ka peaks was taken here 
as the ratio of the counts in the Ka channel (5.5 
kev wide) to the counts in the spectrum band 
between Ka and Ka + 50 kev. Deterioration of 
spectrometer resolution with decreasing energy 
was considered in tabulating the results (Table 
IV-3). Accuracies of measurement were +15%. 


Table IV-3 EFFECT OF TARGET ATOMIC NUMBER ON 
Ka FLUX AND PURITY 


Mixtures of 50 wt.% target-clathrate and an angular 
geometry of 45° used 


















































Target 
Target atomic Relative Spectral 
material number Ka flux purity* 
U30, 92 0.80 0.260 
PbCl, 82 1.0 0.290 
WwW 74 0.65 0.280 
Sm,0, 62 0.60 0.265 
BaCl, 56 0.55 0.130 
Ag,CO,; 47 0.23 0.075 
*See text. 
we = 
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Fig. IV-5 Experimental arrangement for Kr 
source-target evaluation. 
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Fig. IV-6 Effect of lead and tin filtration on (a) flux 
and (b) spectral purity. For these experiments, 50 
wt.% concentrations of target-clathrate mixtures were 
used, 


Target Concentration. The Ka energy 
production per unit volume passed through a 
maximum at 40 to 50 wt.% target concentration, 
On a unit radioactivity basis, where the total 
volume increased with increasing target con- 
centration, the Ka production was a continually 
increasing function of target concentration, 

Angular Geometry. The experimental ar- 
rangement is shown in Fig. IV-5. Variation of 
the angular orientation of the rectangular slab 
of target-clathrate mixture significantly affected 
the Ka production and spectral purity. An opti- 
mum value of slab orientation was about 45°, 
since purity at that angle was only slightly de- 
creased from maximum, and Ka detection was 
down less than half. 

Beam Filtration: The influence of various 
thicknesses of lead and tin filtration on the spec- 
tral purity and flux was investigated for PbCl,, 
BaCl,, and U,O, mixtures (Fig. IV-6). Tin fil- 
tration not only decreased the Ka flux but also 
decreased the purity, Lead filtration increased 
the purity substantially for both U,0, and PbCl, 
mixtures but obliterated the low-energy barium 
Ka line from the BaCl, mixture. 

Layer Thickness. Lead chloride mixtures 
(50 wt.% clathrate) with slab depths ranging from 
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1, to '/, in. were evaluated at 45° geometry. 
Purity increased with thickness over the range 
investigated, and the Ka flux per millicurie ap- 
peared fairly constant. The net effect is one of 
improved performance with increasing thickness 
up to at least '/, in, 


Transmission Configuration 


Bersin and coworkers measured the lead Ka 
production and purity primarily for comparison 
with earlier results obtained by ITRI workers 
using gaseous *Kr sources,” 

A 0.005-in, target was optimum for maximum 
Ka flux in both studies. Integrating the differen- 
tial spectrum for total counts in the energy band 
0.06 to 0.09 Mev and computing the total number 
of B~ particles striking the target, they found a 
conversion efficiency (Ka photons per 8" parti- 
cle impinging x 100) of 0.75%. 

Some error was introduced into this determi- 
nation because of geometric approximations and 
beta-range estimates for the mixture density. 
These were not thought to exceed +25%, how- 
ever, and agreement with measurements by 
others using gaseous "Kr was within 25%. 

A similar conversion-efficiency calculation 
for the PbCl, and clathrate mixture was com- 
plicated by the geometric arrangement of target 
and f8~ sources, On the assumption that all beta 
particles emitted interact eventually with alead 
atom, a conservative conversion efficiency for 
Ka of lead per S~ is 2.5%; an empirical deter- 
mination of this conversion efficiency based on 
the Ka peak intensity with the *Kr 0.540-Mev 
gamma yielded a Ka of lead per f™ total con- 
version efficiency of 6.06%. 


Reflection Configuration 


With the transmission source (discussed 
above) in a reflection configuration obtained by 
inverting the holder, spectrums were obtained 
for two different backing thicknesses. These 
showed an abundance of bremsstrahlung below 
the Ka 0.074-Mev emission, The Ka flux for 
this arrangement was approximately 20% greater 
than that obtained in transmission, but purities 
were about the same. 


Sandwich Configuration 


A source fabricated with “Kr with lead-foil 
backing was tested in a transmission configura- 
tion, and spectrums were obtained for varying 
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thicknesses of reflector and filter. Variation of 
the backing thickness produced no significant 
changes over the range investigated, a result 
confirming earlier findings. Increasing the 
transmission—foil thickness decreased the Ka 
flux accordingly, but the spectral purity re- 
mained essentially constant. At best, spectral 
purity does not appear significantly higher for 
sandwich configurations, and Ka flux is found 
to be slightly less (about 5%) compared with 
mixture configurations of equal strength. 


Specific Applications 


Sources were constructed as cubes of Lucite 
containing the clathrate-target mixtures intheir 
centers, Radiographs were made by use of 
sources with a clathrate specific activity of 0.15 
mc/mg of beta activity, or about 6 uc/mg of 
characteristic radiation activity (assuming a 4% 
conversion efficiency), 


Eastman Kodak type KK industrial X-ray film 
was selected for radiographs of several objects, 
including sealed relays and a Geiger tube. Actual 
source Ka intensities ranged from 0,20 to 0,35 
mc. In these radiographs the details of peas in 
a pod, contacts, springs, and relays are visible 
(see Fig. IV-7, for example). 

In addition to the “cube” sources, two high- 
flux “monoenergetic” sources were designed 
with optimum concentration, geometry, and fil- 
tration parameters derived during the prelimi- 
nary investigation, One such source (Fig. IV-8) 
was constructed by coating uranium-foil cones 
with U,0,-"Kr clathrate “paint.” The uranium 
foil served several functions by providing low- 
energy X-ray filtration, additional reflection and 
transmission, and bremsstrahlung production 
and by increasing the Ka flux, Clathrate and 
U,O, were mixed in 50 wt.% concentrations, 
liquified with toluene solvent and Lucite binder, 
and applied as a coating to the uranium-foil 
cones. When assembled coaxially, the cones 
formed a single unit with layers of uranium foil 
and mixture, 


The spectrum resulting from this source de- 
sign is shown in Fig. IV-9, together witha spec- 
trum from a 50 wt.% mixture of U,O, and Kr 
clathrate, Bersin et al.’ claimed that a 30% 
improvement in spectral resolution was ob- 
tained with this special source design, The 
conversion efficiency for this source has been 
measured to be 2.8%, while the conventional 
mixture yields 3.3%. McCue said that radio- 
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Fig. IV-7 Radiographs obtained by use of krypton clathrate-target mixtures as sources of secondary 


radiation, (a) Pea pod: source-subject distance 


in.; exposure time, 2.85 min/in. per 10 me of 


source Kw radiation, (b) Leach No, 973 sealed relay: 1 ft; 0.71. Eastman Kodak type KK industrial 
X-ray film was used, and source intensities ranged from 0.2 to 0.35 me, (Courtesy of J. C. McCue; 


see Ref, 9.) 
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Fig. IV-8 Sketch of cone source construction, 
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Fig. IV-9 Comparative spectrums of special design 
source and conventional mixture. 
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graphs would be at least as good, and probably Table IV-4 and the following paragraphs sum- 


better, with the special design as with the U,0,- marize some of this work. 


"Kr clathrate mixture. In experiments at ORNL, Russell’’ prepared 
two '] sources for study and evaluation, Two 
curies of '] and 0.5 mg of normal '*"I were 
precipitated together as silver iodide, and the 


Other Isotopes 


H dried salt was placed in a stainless-steel cap- 
for Radiography sule (Fig. IV-10) with a 1-mil-thick 2-mm- 
Despite the potential usefulness of beta- diameter stainless-steel window that was sealed 
excited X-ray sources for radiography, iso- by welding. The radiation through the window 
topes that emit effective gamma radiation are of the source was 450 mr/hr at 16 in, from the 
the best-established sources for this applica- center of the source. 
tion at the moment, Fundamentals of gamma Iodine and silver both absorb some of the ra- 
radiography, practical aspects such as expo- diation emitted by the '1; therefore, in prepa- 
sures, and interpretations of radiographs are ration of the second source, the efficiency was 
given in a 1961 handbook,”* This handbook em- increased by using Na‘”*] instead of Ag'”*I. The 
phasizes '*{r, but the principles and methods 1257 was distilled from a small volume into 1.0 
described are applicable to other isotopes such ml of 0.0001N sodium hydroxide solution, This 
as "Co and !Tm, solution was evaporated to dryness in analumi- 
A promising area of development is in work num cup 0,090 in. in inside diameter by 0.070 
with the low-energy gamma emitters “Fe and in. in depth and welded closed in an aluminum 
"7, Resolution of very small differences in capsule 0.375 in. in length by 0.140 in, in di- - 


densities is possible by use of these isotopes. ameter and having a 0,010-in.-thick aluminum 


Table IV-4 SOME EXPERIMENTS WITH GAMMA-EMITTING ISOTOPIC 
SOURCES AND MACHINES IN RADIOGRAPHY 














Calculated 
Source-film exposure times 
Source Object distance, cm Film Time for larger source Reference 
1.96 curie '75] Guinea pig ~25 Du Pont Cronar 1,5 hr Not given 24 
Hand ~33 Polaroid 3000X 3 min Not given 12 
4 me "5 Cadaver hand 50 Ansco No- 20 hr 1 min with 5 curies; 16 
screen X-ray 3 sec with 100 
curies 
12 me 4 Teeth 6 Kodak Kodirex 12 min 8 sec with 1 curie 14 
j Teeth 7 Kodak Ultra- 7 min 40 sec with 1 curie 14 
speed Dental 
= Cadaver hand 20 Cea Singul-x lhr 40 sec with 1 curie 14 
Teeth 6 No-screen* 12 min Not given 15 
0.25 me 75] Vacuum tubes; ~20 Medical X-ray* 17 hr 30 sec with 500 mc 17 
fuses 
85-kvp Picker Vacuum tubes; ~61 Medical X-ray* 7 sec Not given 17 
"a X-ray machine fuses 15 ma 
50 mc Fe Pansies; leaves ~10 Polaroid 3000X 4.5hr Not given 1 
8-kvp X-ray Roses 87 Eastman type ~2-3 min Not given 25 
machine —" 30 ma 
10-kvp X-ray Diatomaceous ~114 Eastman High 42 min Not given 26 
“a machine earth Resolution 30 ma 
plates 
— 320 me 1am Hand; mechanical 25 Ilford High 10 min Not given 13 
pencil Contrast 
; Industrial 
ee 320 mc “Am Simulated lug- 25 Royal Blue 10 min Not given 13 
, gage container Medical 
18yp, '8Gq, '8sm, Variety of clini- Varies Varies Varies Varies 2 
Tm, My cal exposures 
Other beta-gamma_ Variety of clini- Varies Varies Varies Varies Reviewed 
emitters cal exposures in 2, 28 


design 





*No manufacturer given. 
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window. This capsule was placed inside another 
aluminum source holder having a wall thickness 
of 0,020 in, The radiation from this capsule was 
260 mr/hr at 16 in, The capsule was placed in 
a modified GMR model 110 radiographic expo- 
sure device,* or “camera.” A 5-mil stainless- 
steel window in the radiographic exposure de- 
vice decreased the radiation to 160 mr/hr at 
16 in. A radiograph of a guinea pig made with 
this source is shown in an earlier issue of this 
review,“ and further evaluation was being done 
at two laboratories at the time of this writing. 


0.078 in. 0.0. x 
. 0.0015-in. WALL 







0.118 in. O.D. * 


0.075 in. 1.0. {-mil STAINLESS 


STEEL A 





Fig. IV-10 Stainless-steel capsule for 125] source. 


A source described by Beronius et al." was 
found useful for roentgen diagnostics and for 
forensic odontology. The active material for 
this source was supplied as carrier-free iodide 
in an alkaline sulfite solution, Inactive sodium 
iodide was added as carrier, and the halide was 
electrolytically (anodically) deposited on the 
hemispherical end face of a0.5-mm-thick silver 
wire. The amount of iodide deposited was cal- 
culated from measurements of the activity of 
the solution before and after electrolysis. The 
activity of '**] deposited was 12 mc, and it was 
calculated that the total amount of iodine in the 
deposit would correspond to 200 mc if carrier- 
free ‘*°] had been used. These investigators 
claim it is possible to make asource of ~1 curie 
with a diameter of 0.5 mm by this technique. 

An exposure mechanism with exchangeable 
apertures and a total length of 3 cm was con- 
structed. A gold alloy was used as shielding 
material. This apparatus makes possible in- 
traoral mounting and prevents any significant 
dosages in unwanted directions. The small di- 





*Provided by General Motors Corporation Research 
Laboratories, 
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mensions of the radiation source permit good 
resolution in the radiographs even when dis- 
tances between the source and the subject are 
short, 

Usable radiographs of a dry skull and a 
cadaver hand were also made with this device, 
Further work with this source and image in- 
tensifiers indicated that sources of higher ac- 
tivities could be of outstanding value during 
surgical operations. 

Henrikson et al.'® used the same source with 
exchangeable collimators to reduce secondary 
radiation. They noted that in odontological fo- 
rensic identification the removal of the head, 
parts of the jaws, or extraction of some teeth 
for closer examination is often a necessary, 
time-consuming, and unattractive procedure, 
For instance, if there is characteristic root- 
filling, this will be destroyed if the tooth is ex- 
tracted. Radiography of root-filled teeth is a 
better technique, since individual characteris- 
tics of root-fillings of cadavers in many cases 
have been decisive links in identification when 
radiographs of such fillings were compared 
with those taken during life. 

The forensic odontologist, using a portable 
1257 X-ray unit, can give information on lines of 
fractures, which sometimes show that violence 
came from a certain direction. This informa- 
tion may be valuable if the state of the body is 
such that changing the position of the skull will 
result in a dislocation of bone defects and lines 
of fractures. Dislocations of this kind can lead 
to an incorrect deduction or can make a con- 
clusion impossible. 

A criminal case is mentioned’® in which 
identification was made with the use of a ‘7 
radiograph: 


A 25-year-old woman disappeared in Stockholm 
without trace on the night of 16th December, 1961. 
By chance she was found in a small wood on 
8th March, 1962 (after the passage of 83 days), 
dead and covered with snow. The body was frozen 
fast to the ground, The head was surrounded by ice 
and lay in a slight depression inthe ground. Neither 
the leader of the Homicide Squad, the forensic pa- 
thologist, nor the forensic odontologist could make 
any investigation in situ without taking the risk 
of destroying clues that had not yet been uncov- 
ered .... The ground immediately around and un 
der the body was carefully loosened and, without 
moving it in any way, the body was then transported 
on its frozen bed of approximately 1,000 kg of earth 
and pine needles to the State Laboratory of Forensic 
Medicine in Stockholm, There the body was slowly 
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good thawed at 16°C for five days, after which the fo- 
. dis- rensic pathologist, the police, and the forensic odon- 
t are tologist could commence their closer investigations. 
The dental identification, which was made even 
— ° though part of the face had been destroyed, con- 
ae firmed absolutely the identity of the woman by 
e ™ | a comparison of the “1 radiographs with X-ray 
‘r ac- | plates of her previous dental treatments, andno 
luring fracture lines on the teeth or jaws indicative 
of violence could be discovered by “panorama” 
© with pictures. (In the panorama technique with a 
ndary portable source, the source is placed inside the 
‘al fo- | mouth and the film outside.) 
head, Gruverman and Schivley,’’ using a similar 
teeth | source, extended these diagnostic and dental 
‘sary, } studies to industrially significant items. Their 
pchure, exposure device has an outer shield consisting 
TO of a steel-encased 3-mm lead cover that is 
18 €X- | screwed over an inner shield, They claim that 
h i821 the shield is capable of attenuating '51 radia- 
teris- tions by a factor of 10”, A cable-trigger device 
cases | is used to control the exposure. When the trig- 
a when ger is depressed, the source, which is plated 
apared on the end of a silver wire and encapsulated in 
plastic, moves forward, parting the leaves of the 
table inner shield, and is thus exposed, The inner 
ines of shield consists primarily of 0.5 mm of gold; it 
olence | attenuates the '”] radiation by a factor of about 
—— 10‘. Thus adequate protection for curie-level 
ody e sources could be achieved with a shield weigh- 
7" will ing less than 500 g. (The source diameter in 
d lines . , 
as tal this instance is 0.5 mm.) These workers con- 
clude that fully shielded models, even at curie 
acon} level, would weigh less than 1 kg, including 
shielding. 
which Se 55 
pg hy Pressly,’ using a °*Fe source, obtained radio- 
graphs comparable to those made with a low- 
voltage X-ray machine.”*.* His work was dis- 
sckholm | CUSsed in an earlier issue of this review. 
r, 1961. Americium-241 gamma sources’® have been 
vood OF prepared from AmF;, Am,(C,Q,);, and AmO,, 
3 days), } Spectrums are shown for two of these compounds 
pre in Fig. IV-11; the spectrum for AmO, is similar 
pe er | ‘© that for Am,C,0,. An AmO, source encapsu- 
nsic pa- | lated in stainless steel showed no distortion of 
id make } the Source window or leakage after 1 year. Sat- 
he risk — isfactory radiographs were obtained with these 
) uncov- § Sources, and, in addition, they were used in 
and ul § absorptiometry studies. 
alll As mentioned earlier in the present report, 
aa Krabbenhoft and Green’ evaluated ‘Gd, ‘sm, 
rorensic } 2™, ‘Lu, and ‘**yb and found the last to be 
s slowly | ™0St practical, Details of source preparation 
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Fig. IV-11 Gamma spectrums of *414m sources. I, 


Am,C,Q,; Il, AmF3; curves were normalized to equal 
0.0596-Mev peak heights. (a2) Low-energy range: no 
absorber was used; source distance, 1 m. (b) High- 
energy range: counting geometry changed, 


were not given, A radiographic exposure device 
was constructed with tungsten alloy for shield- 
ing, and exposures as. short as 0.1 sec were 
timed, The device weighed 26 lb, The unit, 
mrhm (milliroentgens per hour at 1 m) times 
seconds, was chosen to denote exposure, By 
use of such data as are given in Fig. IV-12, ex- 
posure times could be calculated, Exposure time 
with a known source strength and for a given 
chest thickness is determined by dividing the 
exposure in mrhm times seconds by the source 
strength in mrhm, These workers made 177 
clinical exposures with these radioisotopes, the 
majority of them with ‘*yb. A portable chest- 
radiography system has been developed,".* and 
16%yb recently was shown to be valuable for 
radiography of thin sections of steel and 


- aluminum,” 
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Fig. IV-12 Product of source strength and exposure 
time related to chest thickness for three isotopic 
sources. Source-to-film distance, 36 in.; Kodak Royal 
Blue film; Du Pont High-Speed Screens. e, 
source, 0D, 153Sm, A, MT, 


169y}, 


Results with other isotopes in beta-gamma 
radiography were summarized recently by Krab- 
benhoft and Green’ and earlier by Kohl et al.‘ 
and Spangenberg and Poo 
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Isotopes and Radiation Technology 





Shielding Requirements 
for Isotopic Power Sources 


By E. D. Arnold * 


A handbook’ showing shielding requirements 
for isotopic power sources has been prepared, 
Radioisotopic power sources usedinterrestrial, 
marine, and space applications must be shielded 
or isolated to prevent dangerous radiation to 
personnel handling the sources, damage to in- 
strument systems associated with their use, or 
interference with measurements that use ra- 
diation detection instruments. The handbook, 
which also lists radiation properties of the 
isotopes studied, is intended primarily for use 
by design engineers in preparing preliminary 
source designs. The handbook reference list 
contains 37 titles’~* 


Since one set of conditions cannot apply to all 
possible uses of a given source, calculations 
were made for a wide variety of conditions. 
From the data given in the handbook, it should 
be possible to determine shielding-material or 
separation-distance requirements for the iso- 
topes studied for any set of established con- 
ditions, The results are presented as graphs of 
dose rate vs, shield thickness in order to make 
the report as general as possible. Shield weights 
were not plotted as a function of dose rate since 
a particular type of shield (cylinder, contoured 
cylinder, shadow, or sphere) and the radiation 
limitations based on application would have to 
be decided on before the actual weights could 
be calculated, Calculation of the shield weight 
is easy once the thickness is known andthe type 
of shield has been selected. 





*Oak Ridge National Laboratory. 
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Isotopes Studied 


Radiation-intensity calculations were made 
for shielded and unshielded isotopic power 
sources fabricated from 17 different isotopes: 











Isotope Physical form Isotope Physical form 
Co Metal 210po = Metal matrix with 
kr Liquefied gas | void space for gas 
Sr Oxide and ti- | collection 

tanate || 32y Oxide 
%7r-"Nb Oxide || %8ph Oxide matrix with 
6Ru Metal void space for gas 
310g Glass collection 
M4Ce Oxide || 38py Oxide 
“TPm Oxide || *2¢m Oxide matrix with 
10Tm Oxide | void space for gas 
NT m Oxide | collection 
ae | Metal || *4cm Oxide 

| 








The sources made from most of these radio- 
isotopes are intended primarily for power ap- 
plications, but several isotopes, including '*"Cs, 
%7r-5Nb, "Co, Kr, and '*Ru, also show 
promise as sources of high-energy gamma ra- 
diation for use, for example, in sterilization or 
for initiation of chemical reactions, 

In a previous study,” which was a part of this 
overall study of shielding requirements and 
which determined radiation and shielding re- 
quirements for the more promising isotopes 
(sr, 18'¢5 Moe MIpm 4p 2%8py, 240m, 
and “4Cm), it was established that shield weights 
ranging from 20 lb for *Pu to over 500 Ib for 
131Cs would be required for 10,000-thermal- 
watt sources when used in an instrumented 
space mission, That study also indicated that 
weight penalties can be avoided if separation 
distance, rather than shielding, is relied on 
for protection. Separation distances ranging 
from 2 ft for **Pu to. 40 ft for '*"Cs give pro- 
tection equivalent to the shield weights quoted. 
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The fission products —sr, '"Cs, “4Ce, and 
‘47pm —have special appeal because they are 
produced in large quantities from nuclear re- 
actor operation. 

Among the isotopes that may be produced by 
irradiation of special target materials (Co, 
warp] 2324 238 py 220m | and “4cm), Co, ai- 
though easy to produce, requires a special 
design for the heat-source generator because 
much of its emitted energy is penetrating gamma 
radiation. Therefore ®°Co may be limited in its 
use as a power source but, forthe same reason, 
would have special interest as a radiation 
source, 

Plutonium-238 is most generally favored as 
a heat source because of its long half-life and 
the fact that it can be used with almost no spe- 
cial shielding. However, its biological hazard 
encourages the search for a competitive ma- 
terial. 

Curium-244 is expected to become available 
at a reasonable cost whenever plutonium as- 
sumes a significant place as a recycled fuel in 
thermal reactors for power production, 

Promethium-147, although its half-life is 
shorter than the other very promising isotopes, 
can be considered realistically for some uses 
as a substitute for **Pu. Energy, cost; low 
shielding requirements, and minimum biologi- 
cal hazard are all factors favorable to “’Pm 
when nearly pure. 

The strong points for **°U (and its daughter 
Th) are high power densities and unusually 
long life at nearly constant heat output. 

Other characteristics of radioisotopes that 
will be factors in the choice of one for a par- 
ticular use are the relative biological effects 
and the type of radiation emitted. Those which 
are almost pure alpha emitters and also have 
a low neutron production rate, such as **®py 
and *°po, or low-energy pure-beta emitters, 
such as ‘’Pm, require the least shielding, 
which is a significant advantage where direct- 
contact fabrication and minimum shield weight 
are of interest. 


Reliability of the Data 


The results, which are presented in the hand- 
book as graphs, are thought to be within 50% of 
the expected radiation value, based on the as- 
sumptions used and on the accuracy of the input 
Source strengths and of the permanent data 
tables of the computer code. The dose rates 
are probably overestimated rather than under- 


SAFETY 


‘(or millirads) per hour, with human tissue as- 
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estimated. An error of +50% in radiation level 
would correspond to an error of +0.175 “tenth 
thickness” (thickness of shielding necessary to 
attenuate radiation dose rate by a factor of 10), 


The results are only as accurate as the 
knowledge of the neutron, gamma, beta, and/or 
bremsstrahlung spectrums. This is especially 
true for sources whose spectrums lie entirely 
in the lower energy (less than 0.5 Mev) range. 
Conversely, the calculated radiation intensities 
from sources that have high-energy gamma 
spectrums of high or well-known yield are 
probably accurate. This is especially true for 
Co, *Zr-5Nb, Cs, “4Ce, po Th, and 
23217, Calculated radiation intensities of sources 
that have only low-energy bremsstrahlung or 
gamma radiation are as accurate as the esti- 
mates of their spectrums and of the self- 
absorption within the source itself, For brems- 
strahlung sources the calculated dose rates 
and/or shield thicknesses are more accurate 
for high-energy spectrums (within the accuracy 
of the actual spectrum calculation) than for the 
low-energy ones, 

It should be emphasized that in many cases 
the total energy production rate of a given iso- 
tope is much greater than the recoverable heat 
rate in the source itself. This is especially 
true for isotopes that produce considerable 
gamma radiation, For these isotopes an ex- 
ternal heat recovery unit (partial shield) can 
be provided to convert the gamma energy to 
heat. This may even be so for the high-energy 
beta emitters that produce bremsstrahlung 
energy equivalent to a few percent of the aver- 
age beta energy. Here the economics of pro- 
viding an external heat recovery unit for a few 
percent of the total energy must be considered, 

Therefore, where minimization of shield 
weight is of utmost importance, a final experi- 
mental determination of the shield thickness, 
and even a source mockup (especially for the 
lower energy gamma or _ bremsstrahlung 
sources), may be necessary before the final 
source and shield design are selected, Such 
experimental verification is, of course, always 
required before a license to install and operate 
a source can be obtained, 


Allowable Radiation Levels 
and Biological Hazards 


Gamma dose rates were calculated in rads 
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sumed to be the absorption medium, Neutron 
dose rates were plotted in terms of milli- 
roentgens equivalent physical (mrep) per hour 
since the data were expressed this way in most 
of the literature. In addition, in discussions of 
manned satellites and allowable radiation ex- 
posure to man, doses in roentgens equivalent 
man (rem) must also be considered. 


The shielding or separation-distance require- 
ments for isotopic power sources are deter- 
mined from the following maximum allowable 
radiation levels: 


1. Man. The maximum permissible radia- 
tion dose rates established by the National 
Committee on Radiation Protection for occu- 
pational personnel exposure are assumed to 
apply to those working around isotopic sources 
and preparing them for a launch, The recom- 
mended maximum allowable doses, integrated 
over a 13-week period, without reference to 
instantaneous dose rate, are 3 rads of gamma 
and 0.3 rad of fast neutrons for whole-body 
exposure and 25 rads of gamma and 2.5 rads of 
neutrons for hand and arm exposures. 


2. Transistorized Instruments. Data on the 
effects of radiation on instrument systems are 
available in reports of the REIC series from 
the Radiation Effects Information Center at 
Battelle Memorial Institute, Columbus, Ohio, 
and in the proceedings of a recent symposium 
Allowable radiation doses vary widely with the 
type of radiation and type of instrument sys- 
tem. Maximum allowable doses[10’ rads of 
gamma, 10‘ rads of fast neutrons (~ 10'? neu- 
trons/cm’), and 10‘ rads of solar protons 
(~10'? protons/cm’)| were chosen on the basis 
that they probably would not cause significant 
radiation damage in typical transistorized in- 
strument systems. Some damage has been ob- 
served at doses 10 times greater, and there is 
significant damage at doses 100 times greater. 


3. Radiation Detection Instruments. Radia- 
tion detection instruments (including scintilla- 
tion counters, G-M counters, and ionization 
chambers) are often used to measure radiation 
background in space or on or near the moon or 
planets, or physical properties such as density 
and composition. Thus power sources emitting 
radiation of a type and energy similar to that 
being measured must be shielded or separated 
from the radiation detection instruments to 
prevent interference with measurements. For 
some measurements the radiation level due to 
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the power source may have to be as low as 
0.01 mrad/hr in the vicinity of the instrument, 

In providing shielding or separation distance 
to satisfy the above maximum levels, the natu- 
ral radiation levels at various points in space 
(Table V-1) must be taken into account. These 
are often high enough, especially for humans, 
to require shielding of the payload itself. The 
shield thickness or separation distance from 
the isotopic supply can then be correspondingly 
smaller. 


Table V-1 RADIATION LEVELS IN SPACE 





Radiation levels, rads/hr 








10 g/cm? 

Radiation source No shield shield 
Van Allen belts 

Electrons 10°— 105 ~0 

Bremsstrahlung 1—100 1-30 

Protons 10—100 1-10 
Solar-flare protons 

(typical) 10-—100 1-10 
Galactic cosmic rays ~1073 ~1073 





Method for Calculating Radiation Levels 


The gamma and/or bremsstrahlung radiation 
level and shielding requirements were calculated 
with the Shielding Design Calculation (SDC) 
code. Sources were assumed to be right- 
circular cylinders with heights equal to diame- 
ters and clad with 0.2 cm (corresponding to 
0.54 g/cm’) of aluminum (Fig. V-1). The outer 
surface of the source was assumed to be 1 cm 
from the inner face of the shieldfor all shielded 





sources. The dose point was assumed to be 
100 cm from the center of shielded sources 
and was varied from 50 to 1000 cm from the 
centers of unshielded sources. 

Self-attenuation within the sources is deter- 
mined in the SDC code by calculating self- 
absorption factors or exponents (self-absorption 
distances), the common practice in hand cal- 
culations as described in the shielding litera- 
ture,’~!! 


Radiation Production in Decay Processes 


Calculations were made on beta, gamma, and 
neutron emissions, with special emphasis 
processes which, though often ignored, are im 
portant in accurate determinations of shielding 
requirements, These processes include bet 
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Fig. V-1 Space relations between source, shield, 
and dose point used for calculations in the handbook. 
(a) Shielded source. (b) Unshielded source. 





spectrum analyses to permit accurate evalua- 
tion of average beta energies, bremsstrahlung 
production in beta decay, decay gamma produc- 
tion, internal conversion in gamma decay, other 
sources of gamma rays, andneutron production, 


Radiation Characteristics 
and Shielding Requirements 


Radiation characteristics and shielding re- 
quirements were studied for each of the 17 
isotopes as an individual entity. Nuclear data 
were tabulated for the various isotopes con- 
sidered (Table V-2). 

The results of the calculations are presented 
a8 graphs of gamma-radiation intensity (milli- 
rads/hour at 1 m) as a function of (a) thickness 
of iron, lead, and uranium shielding and of water 
shielding for sources that also emit neutrons; 
(b) neutron-radiation intensity (millireps per 
hour at 1 m) as a function of water thickness 
for shielded neutron-emitting sources; or (c) 
gamma-radiation intensity as a function of dis- 
tance from the center of unshielded sources. 
Radiation intensities for sources of all 17 ma- 
terials in the range 100 to 20.000 thermal watts 
are presented, 


* gram of cobalt. 
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The type of information given in the hand- 
book for “Co is shown below (Table V-3 and 
Figs. V-2 through V-4). Similar information 
is given in the handbook for all the other iso- 
topes studied. 

Cobalt-60 is produced in substantial quanti- 
ties for use as a gamma source. In portable 
radiographic devices it has largely replaced 
radium, Its half-life is fairly long, 5.3 years, 
and its biological toxicity is lower than that of 
most other possible isotopic source materials 
(“Sr and all the alpha emitters), The fact that 
inactive normal cobalt can be encapsulated and 
then irradiated to the desired activity without 
further processing is a distinct advantage, 
which is specific tothis isotope. The character- 
istics of its radiation are unfortunate for the 
present applications because of the major com- 
ponent of high-energy gammas that must be 
absorbed to yield appreciable heat, Of the iso- 
topes considered in this report, only “Co and 
%7r-"Nb require a special design for the heat 
generator, apart from also requiring heavy 
shielding. For applications where weight is an 
important consideration, Co is therefore at a 
disadvantage. Furthermore, its intense and 
energetic gamma activity inhibits its use as a 
typical or representative heat source for use 
in demonstration devices. Like all isotopes 
that have a substantial portion of their heat in 
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Table V-2 NUCLEAR DATA FOR ISOTOPES CONSIDERED FOR POWER SOURCES 



































42 days 


ected _Pastioles Giicadakannied, Photons 
Enorgy, Moy Abundance,  B Abundance, Power, watts/kilocurie 
Nuclide Half-life Type Max. Av. % Mev % Beta Gamma Total 
6°Co 5.27 years 2B 0.312 0.095 100 1.172 100 0.56 14.80 15.36 
1,333 100 
Skr 10.3 years £8 0.672 0.253 100 0.517 0.7 1.498 0.024 1,522 
Sr 28 years Be 0.545 0.20 100 1.184 1.184 
My 64.2 hr p* 2.27 0.944 100 5.588 5.588 
%7r 65 days Be 0.89 0.34 2 0.76 55 0.73 4.33 5.06 
Be 0.40 0.122 43 0.72 43 
B* 0.36 0.109 55 
S™Nb 90 hr IT 0.21 2 Included in above 
Nb 35 days B 0.16 0.044 100 0.76 100 0.26 4.5 4.76 
6Ru 10year 8 0.04 0.009 100 0.05 0.05 
106Rh 30 sec B 3.54 1.52 79 2.42 0.3 8.4 1.2 9.6 
3.03 1.30 7 1.55 0.5 
2.40 0.98 11 1.04 2 
1.99 0.79 2 0.62 11 
1.42 0.40 1 0.51 20 
Cz 2.2 years B 0.68 0.22 yg 0.473 2 0.87 10.13. 11.0 
0.65 0.20 58 0.567 22 
0.41 0.122 4 0.605 100 
0.08 0.02 27 0.796 91 
0.801 18 
1.038 0.9 
1.168 3 
1.367 5 
310g 26.6 years —#* 1.18 0.42 8 1,23 1.23 
Be 0.52 0.19 92 
SimBa =. 2.6 min IT 92 0.662 83.5 3.61 3.61 
iNce 285 days B 0.31 0.090 65 0.134 17 0.44 0.20 0.64 
0.22 0.060 5 0.10 2 
0.17 0.045 30 0.08 2 
0.04 17 
M4py 17.5 min B 2.98 1.21 97.7 2.2 0.8 7.08 0.19 7.27 
Be 2.3 0.89 1.8 1.5 0.25 
Bx 0.8 0.28 1.0 0.7 1.6 
M47pm 2.67 years 8B 0.23 0.067 100 0.121 <0.1 0.397 0.397 
“6pm 1.94 years £8 0.78 0.27 35 0.50 
EC 65 0.45 65 4.62 5.12 
0.75 65 
82Pu 12.7 years EC 0.04 73 0.122 10.9 0.17 (EC) 
B 1.46 0.53 5.7 0.245 5.0 0.42 4,05 4.64 
1.05 0.36 1.6 0.344 18.5 
0.68 0.22 13.8 0.780 8.4 
0.36 0.10 3.5 0.965 10.1 
0.22 0.06 2.4 1.087 8.4 
1,113 9.3 
1.409 16.8 
4Pu 16 years B 1.84 0.70 7 0.123 35 1.17 6.99 8.16 
1.60 0.60 3 0.593 4 
0.83 0.28 20 0.725 21 
0.55 0.17 30 0.875 13 
0.25 0.07 28 0.998 14 
0.15 0.04 12 1.007 17 
1.277 42 
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Table V-2 (Continued) 
Particles Photons 
Energy, Mev Abundance, E, Abundance, Power, watts/kilocurie 
Nuclide Half-life Type Max. Av. % Mev q Alpha Beta Gamma Total 
“8bm 42 days B 0.64 0.21 11 0.55 92 
0.57 0.18 15 0.63 90 
0.47 0.14 40 0.73 36 
0.91 19 
1.01 20 
1.46 2 
Tm 127 days B 0.968 0.33 76 0.084 3.4 1.91 0,02 1.93 
0.884 0.30 24 
MTm 1.94years 8B 0.097 0.029 98 0.0667 2 0.17 0.008 0.178 
0.03 0.01 2 
ed | 3.9 years B* 0.764 0.27 98 1.57 
EC 0.38 2 0.071 (x) 2 0.045 0.008 1.623 
2109 138.4 days a 5.305 5.305 100 0.803 1.2x1073 = 31.41 31.41 
wy 74 years a 5.318 5.318 68 0.0579 0.21 31.37 31.37 
5.261 5.261 31.68 0.131 0.075 
5.134 5.134 0.32 0.268 4x 1073 
0.326 4x 1073 
28Th 1.9lyears a 65,421 5.421 71 0.0845 1.6 31.95 0.008 31.96 
5.338 5.338 28 
5.208 5.208 0.4 
5.173 5.173 0.2 
5.137 5.137 0.03 
24Ra 3.64 days a 5.681 5.681 95 0.2411 3.7 33.56 0.053 33.61 
5.445 5.445 5 
20Rn 51.5 sec a 6.282 6.282 100 0.542 0.03 37.19 0.001 37.19 
216 Do 0.158 sec a 6.775 6.775 100 40.11 40.11 
22Db 10.64 hr B 0.580 0.19 16 0.115 3 0.71 1.07 1,78 
0.340 0.11 80 0.239 74 
0.160 0.05 4 0.415 0.01 
sia | 60.5 min B 2.25 0.95 63.8 0.72 19 3.59 4.38 7.97 
0.83 19 
a 6.09 6.09 9.85 1.03 6 12.97 0.06 13.03 
6.05 6.05 25.3 1.34 5 21.00 
5.77 5.77 0.6 1.61 7 
5.622 5.622 0.05 1.81 7 
5.603 5.603 0.4 2.20 3.5 
0.04 25 
Others Weak 
206-7) 3.1 min B 1.795 0.67 50 0.277 10 3.40 19.95 23,35 
1,518 0.55 21 0.510 25 
1.284 0.45 25 0.582 80 1.23f 7.22¢ 8.45t 
1,032 0.30 4 0.859 15 
2.620 100 
22 0.30 usec a 8.78 8.78 100 51.98 51.98 
33.16 33.16t¢ 
Total of all daughters in equilibrium with *°*u 238.63 
238 Dy 89.8 years a 5.495 5.495 72 0.0435 0.038 32.46 32.46 
5.452 5.452 28 0.099 8 x 1079 
0.150 1x 1073 
0.203 4x 1078 
0.76 5 x 1075 
0.875 2x 1075 
"om 163 days a 6.11 6.11 73.7 0.044 0.039 36.10 36.10 
- 6.066 6.066 26.3 0.1018 3.5% 10~° 
0.1576 2.3107 
om 18.4 years a 5.801 5.801 76.7 0.043 2.1x 107? 34.28 34.28 
5.759 5.759 23.3 0.1 1.5 x 1073 
0.15 1.3 x 107° 


_—_—.... 





*Unique first forbidden transition. 


tWhen existing as a **U or **Th daughter. 
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Fig. V-4 Gamma dose rates from shielded 
8°Co power sources. Specific activity, 75 curies 
per gram of cobalt. (a) Iron shield. (b) Lead 
shield. (c) Uranium shield. Distance from 
source center to dose point, 100 cm. 
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. C. A. Rohrmann, 


Table V-3. PHYSICAL PROPERTIES OF °°Co AS AN 
ISOTOPIC POWER SOURCE 
General Properties 
Half-life, years 5.27 


Specific activity of pure isotope, 


curies/g 1124 
Specific power of pure isotope, 

watts/g 17.26 
Compound Metal 
Weight of active isotope in metal, 

g/cm? 0.59,* 1.58f 
Effective density of metal, g/cm® 8.9 


10.3,* 27.3 
667.5,* 1780 


Gamma-Radiation Properties 


Gamma emission rate 


for shielding calculations, Photon energy, 


photons /watt-sec Mev 
2.385 x 101? 1,172 
2.385 x 10" 1,333 


*Source: 75 curies per gram of cobalt metal. 
tSource: 200 curies per gram of cobalt metal. 
{Predominant radiation from unshielded 5000-watt source. 


a gamma component or inhard bremsstrahlung, 


appreciable part of this energy is not easily 


recoverable because the penetrating radiation 
cannot be completely absorbed and converted 


heat only in that section of the device in 


contact with the thermoelectric elements, The 
specific power of Co is high, 17.4 watts/g, 
but concentrations that can be practically at- 
tained would limit the heat output to about 20% 


that value. Even so, for metal, a power 


density of 27.3 watts/cm? (200-curie sources) 
appears achievable, 
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lodine-132* 


The radioactive isotope ‘I, which has a half- 
life of only 2.3 hr, is of particular interest in 
the field of medicine, being used chiefly as a 
substitute for 8-day 'I in diagnosis. Its princi- 
pal advantages are the 100-fold decrease in 
radiation exposure of a patient when it is used 
and the possibility of repeated studies at short 
time intervals, even in pregnant women and in 
children. When double labeling of test com- 
pounds is needed, it may be used in conjunction 
with ‘J. This isotope has become well known 
only comparatively recently, chiefly after its 
successful use in medicine where ‘I had al- 
ready become established. There is little in- 
formation in the literature on its applications 
in other fields of science and industry, although 
its use for regulating the movement of products 
in pipelines in the petroleum industry has been 
mentioned. 
The pertinent properties of '**1 and ''I are: 





132) 131) 





Half-life 2.3 hr 8.14 days 
Average beta energy, Mev/dis 0.49 0.19 
Average gamma energy, Mev/dis 0.79 0.40 
Beta dose rate, rads/(hr)(uc)(g) 1.0 0.40 
Total beta dose, rads/yc 3.15 110 
Gamma dose rate at 1 cm, 

rads/(hr)(uc) 11.0 2.1 
Gamma quanta produced per 

disintegration 2.52 1,06 








*This section is a summary of a recent Russian 
compilation,' used because of its ready availability, of 
work from several countries, including the United 
States. A more detailed discussion of the current 
status of work on 132] with documentation, will be pre- 
sented in an Isotopes Information Center brochure now 
in preparation, ORNL-IIC-4. 
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When '] is used instead of '“I in studies of 
thyroid function, the gland itself receives 40- to 
100-fold less radiation than when the same 
amount of ‘I is administered. In 6 hr the nor- 
mal gland will usually absorb 50% of the radio- 
active iodine introduced into the body, during 
which time 85% of the '*1—Dbut only 2% of the 
1317 ___would have decayed. In addition, a smaller 
amount of ‘I may be used for gamma count 
measurements since the ‘I emits a larger 
number of gamma quanta per disintegration and 
their energy is higher. Other data indicate that 
irradiation of the sex glands is decreased 3- or 
4-fold if ‘1 is used instead of ‘I. Iodine-132 
may also be used in evaluation of liver function, 
which is done with human serum albumin tagged 
with '*], and in determination of the location of 
brain tumors and metastases of cancer in the 
liver. 


Physical Properties of 132, 


Iodine-132 is a beta-gamma emitter. Its 
gamma and maximum beta radiations are: 





Gamma, Mev Beta, Mev 
2.200 (2%) 0.768 (75%) 0.730 (15%) 
1.960 (5%) 0.673 (100%) 0.970 (20%) 
1.400 (11%) 0.624 (6%) 1.160 (23%) 
1.160 (8%) 0.530 (25%) 1.530 (24%) 
0.960 (20%) 2.120 (18%) 


The final product of 'I decay is a stable isotope 
of xenon, ‘Xe (Fig. VI-1). One microcurie of 
1827 weighs 0.97 x 107" g. 
. 132 
Production of 1 
lodine-132, a daughter of ‘Te, is continuously 
formed in beta decay of the latter (Fig. VI-2): 
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Therefore the problem of obtaining '™I is easily 
solved if there is a practicable method of pro- 
ducing '*Te., 


PROPERTIES OF '”Te 


Tellurium-132, like* '*1, is a beta-gamma 
emitter, Its half-life is 78 hr. Tellurium-132 
emits electrons with maximum energies of 
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0.160 Mev (40%) and 0.280 Mev (60%) and 
gamma quanta whose energies are 0.220 Mev 
(40%) and 0.130 Mev (60%). One microcurie of 
'2Te weighs 3.28 x 10~* g (calculations based on 
a 77.7-hr half-life). 


PRODUCTION OF '”Te 


The best method of producing ‘Te is by neu- 
tron fission of plutonium, uranium, or thorium. 
Among the fission products of uranium irradi- 
ated in a nuclear reactor is 4.4 to 4.7% ‘Te, 
production of which increases with increasing 
energy of the neutrons. Calculations show that 
32.5 uc of ‘Te will be formed in a 10-day ir- 
radiation of 1 g of natural uranium by thermal 
neutrons, at a flux of 10'* neutrons/(cm’)(sec). 
At higher fluxes the production of '’Te will be 
proportionally greater. Actually, ‘Sn forms in 
the reactor and decays to '*Te; 

1329) th 132g}, B~ 122-1 


in 2.0 min 


Tellurium-132 may also be obtained from 
stable (inactive) ‘°Te, which makes 34.5% of 
natural tellurium, by cyclotron irradiation with 
accelerated alpha particles (“He). Tellurium- 
132 is formed from '°Te by the nuclear reac- 
tion '°Te(a,2p)'"Te. However, pure ‘Te, i.e., 
without carrier, cannot be separated from alpha- 
irradiated targets by ordinary chemical meth- 
ods, and the '**Te yield is low. 


SEPARATION OF “Te FROM OTHER 
URANIUM FISSION PRODUCTS 


Since relatively pure '**Te must be used to 
produce ‘J, the desired isotope must be sepa- 
rated from a mixture of 270 different radioac- 
tive isotopes formed in the fission of uranium. 
The separation should be completed by the tenth 
day after the end of the irradiation. Witha rela- 
tively short irradiation time, significant amounts 
of long-lived radioisotopes do not appear in the 
reactor product, and in this 10 days some of the 
short-lived radioactive elements decay. The 
principal impurities that must be handled in the 
separation of ‘Te from irradiated uranium are: 


13Ru (41 days, 2.9%) 
%7r (63 days, 6.4%) 
‘Nb (35 days, 6.4%) 


38y (4.5 x 10° years, 
macro amounts) 

Mo (67 hr, 6.2%) 

eT (6 hr, 6.2%) 
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There are also some radioactive isotopes of 
tellurium, '*'" Te, '*'Te, and others, which can- 
not be separated by ordinary chemical methods. 


In another method based on a series of hy- 
drolytic precipitations, an irradiated compound 
of uranium—U,O,, UO;, or UO,(NO;),—is dis- 
solved in nitric acid and a carrier, e.g., TeO:, 
is added to the solution. The solution is neu- 
tralized with alkali, and tellurium is precipitated 
by means of formic acid as TeO,. The pre- 
cipitate is filtered off, washed with dilute acid 
and water, dissolved in alkali, filtered, acidi- 
fied, and precipitated from solution as metallic 
tellurium by a reducing agent, for example, 
NaHSO,, SnCl,, or N,H,-2HCl, After a series 
of precipitations as -the dioxide and element, 
tellurium is obtained finally as an alkaline solu- 
tion of tellurite, Na,TeO;, which is used for 
producing '], This method gives ‘Te in 70 to 
80% yield, with 3 to 4% beta-active and 0.5% 
gamma-active impurities in the final product. 


A chromatographic method of separating 132P@ 
from other products in the fission mixture is 
relatively simple. A solution of irradiated ura- 
nium in nitric acid is passed through a chro- 
matographic column (glass tube) filled with a 
special type of acid-form Al,O;. The ‘Te and 
**Mo, without carrier, are held on the aluminum 
oxide as tellurite and molybdate, and the re- 
maining fission products pass through the col- 
umn, Pure ‘Te is obtained by washing the col- 
umn with concentrated ammonia to remove the 
Mo, of which only 0.01% remains on the col- 
umn, Only 1% of the ‘Te is lost inthis washing. 
Then a 7 to 14% alkali or ammonia solution is 
added to desorb the tellurium from the column, 
and the column effluent is alkalinized to pH 10 
for use in producing ‘1, 


The ‘Te may also be separated from the 
solution of irradiated uranium by precipitation 
with CuS. Some other radioactive impurities 
coprecipitate with the tellurium. The copper 
sulfide is dissolved in acid with the addition of 
an oxidizing agent, and trivalent iron is added 
and then precipitated as hydroxide with ammonia. 
The iron hydroxide carries the radioactive 
tellurium, antimony, and tin. The solution ob- 
tained by dissolving the Fe(OH), in acid is used 
for making '*], 


In another method a metallic uranium wire 
that has been neutron irradiated is dissolved in 
hydrochloric acid and 20-to.70 mg of tellurium 
carrier is added. The radioactive H,Te formed 
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is swept out with a current of nitrogen and is 
absorbed in a 5% solution of iron chloride in 
3N hydrochloric acid, forming tellurite. Tin 
chloride is added to the solution, after which 
elementary ‘Te is precipitated, washed with 
5N hydrochloric acid and water, and then used 
for making '*], The radioactive purity of ‘Te 
obtained by this method is high, and the over- 
all yield is 90%. 


There is also a chemical method for separat- ' 


ing tellurium on platinum electrodes, but it has 
not been widely used. 

It is difficult to compare the methods de- 
scribed above since the purity and yield of 
tellurium from them are not always indicated 
in the original publications. The first three 
seem to be more useful because of their sim- 
plicity. 


SEPARATION OF !*] FROM '”Te 
(THE ***] COW) 


Users of ‘I usually are supplied with a 
preparation of '”Te. This is frequently a glass 


column containing a material with adsorbent or | 


ion-exchange properties (e.g., filter paper or 
aluminum oxide) on which '’Te is adsorbed. 
When the consumer needs ‘J, he elutes it from 
the column with a dilute salt solution. In one 
1827 generator the glass column is filled with 
cation-exchange material on which divalent tin 
has been adsorbed from SnCl, solution. A solu- 
tion of '*Te, as tellurite, is passed through the 


column, and the tellurium is reduced to metal | 
and remains on the resin. The tin is removed } 


by washing the column with dilute hydrochloric 
acid and then with water. The maximum ‘J ac- 
cumulation in the generator is reached about 
12 hr after it is loaded with tellurium (that is, 
after about five half-lives of '1). 

Obviously, the purer the ‘Te, the higher will 
be the radiochemical purity of the '*1 removed 
from it. The '] purity also depends on the 
properties of the material on which the 122Te is 
adsorbed, the properties ofthe impurities them- 
selves, and the solution that removes the on 

For protection of personnel from the '*Te and 
1827 radiation, the column is enclosed in a lead 
shield, the thickness of which depends on the 
amount of the radioactive isotopes on the column. 

Iodine-132 may be obtained from ‘Te by 
another method. For example, finely divided 
182re (with carrier) may be placed in a vessel 
with draw-off tubes made of low-melting mate- 
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rial. Periodic heating distills the iodine into 
collectors containing an appropriate absorbent 
solution. This method is used chiefly in estab- 
lishments where ‘I is produced, since other 
places, as a rule, do not have the proper equip- 
ment for such operations. 





MEDICINE 


85 


Reference 


1. V.A. Sokolov, A Short-Lived Isotope of Iodine, 132) 
Gosatomizdat, Moscow, 1963 (translated to English 
by Martha Gerrard, Oak Ridge National Laboratory, 
Isotopes Information Center, ORNL-tr-93). 
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Isotope Technology 
and Economics 


Seventeen papers on isotope technology and eco- 
nomics were presented at an information meet- 
ing of government and industrial representatives 
on June 11-12 at AEC’s Germantown, Md., 
headquarters. Production manuals from Brook- 
haven and Oak Ridge National Laboratories, 
Mound Laboratory, and the Savannah River 
Plant were made available to those attending the 
sessions. The contents of the manuals are dis- 
cussed in Sec. I of this review, andthe program 
and talks are summarized in the following para- 
graphs, 


AEC 


Introductory Remarks 

AEC Radioisotope Production 
Program and Policies 

AEC Costing and Pricing 
Practices 


Glenn T. Seaborg 
E. E, Fowler 


L. S. Lenderman 


ORNL 


Radioisotope Production and 
Distribution 

Reactor Products and Services 

Short Half-Life Fission Prod- 
ucts; Separations and Radio- 
active Gas Handling 

86-Inch Cyclotron and Products 


J. H. Gillette 


E, E, Beauchamp 
F, N. Case 


J. E, Beaver 


MOUND 


Marketing and Sales; Polonium- 
210 Production and Process- 
ing 


F, D. Lonadier 


SAVANNAH RIVER 


. F. Allen Cobalt-60 Production 





Miscellaneous 


Items 


of Interest 


BNL 


Powell Richards Marketing and Sales — General 
Product Information 

Irradiation Facilities 

Cyclotron Production and 
Cockcroft-Walton Neutron 
Generator 

Processing Facilities 

Milking Systems; Reactor- 
Induced Triton Reactions 

Fluorine-18 Process 


Jack Floyd 
Manny Hillman 


Powell Richards 
Manny Hillman 


Powell Richards 


Fowler, Acting Director of AEC’s Division of 
Isotopes Development (DID), and George Kava- 
nagh, Deputy Assistant General Manager for 
Research and Development at AEC, were chair- 
men of the sessions, Rufus Shivers, DID, was 
general chairman of the meeting. 

Chairman Seaborg, in his introductory re- 
marks, noted that the AEC has a continuing 
interest in fostering private participation in the 
production and distribution of radioisotopes. He 
indicated that with the development of private 
capability the Commission has consistently 
sought to reduce or eliminate its activities in 
the areas relevant to private interests: 


Reviewing the past few years one finds an im- 
pressive record in this regard. Activities formerly 
carried out by the Commission, which have during 
these years been turned over to private industry, 
include the production of labeled compounds, the 
provision of film badge services, the distribution 
of processed cyclotron isotopes, as well as the en- 
capsulation services and activation analyses once 
offered by the AEC. 

Until recently the functions undertaken by private 
industry, such as the foregoing, have been auxiliary 
to the prime production of the isotopes themselves. 
With the advancing technology and broadening of 
markets, however, the interest of private industry 
in producing its own supplies of radioisotopes has 
been increasing rapidly. Indeed, in the last nine 
months the Commission has withdrawn from the 
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production and distribution of seven radioisotopes 
because of their availability, on reasonable terms, 
from independent sources of supply. 


He predicted more vigorous participation of 


private concerns in isotope production, although 
solutions to many difficult questions of prob- 
able policy will have to be found inyears ahead: 


The over-all national objective of fostering wide- 
spread peaceful application of atomic energy, the 
legitimate interest of radioisotope users in being 
assured of adequate availability of required radio- 
isotopes at reasonable prices, and the proper in- 
terest and desire of private enterprise to partici- 
pate in serving these markets all must be properly 
balanced and equitably recognized. 


Fowler, in further discussing production pro- 


duction programs and policies, noted that this 
was the first information conference for indus- 
try in which the accumulated technology existing 
in the AEC’s radioisotope production program 
had been presented, Reviewing the programs at 
the four laboratories, he said that progress in 
fission-product separations and purifications 
and the development of technology for large- 
scale use of these materials as heat and radia- 
tion sources have provided the basis for the 
present Commission plan for soliciting indus- 
trial interest and financing and operating the 
large-scale fission-product plant at Hanford, 
He reiterated Seaborg’s comment that private 
industry, since the late 1950’s, has become in- 
creasingly involved in radioisotope production. 
At least six private firms are engaged in the 
commercial production and sales of some 30 
different radioisotopes. He said that the crite- 


rions of adequate availability of required ra- 
dioisotopes at reasonable prices and the proper 
interest and desire of private enterprise to 
participate in serving these markets must be 
properly balanced, However, he pointed out that 
Some aspects of the Atomic Energy Act and 
these goals are sometimes contradictory: 


Those who tend to place greatest importance on 
development of a private production capability give 
the most weight to this criterion. Others consider 
that encouragement of research and development 
and increased beneficial use of radioisotopes has 
the greatest importance, Lastly, there are those 
who are occupied with full cost recovery and be- 
lieve this to be requisite. 


Lenderman said that AEC’s accounting system 
Combined the principles of general commercial 
accrual accounting, industrial cost accounting, 
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budgeting, and governmental fund accounting 
into a single system, This system provides (1) 
the unit cost of items produced, (2) a system 
of functional budgeting on the basis of accrued 
costs, (3) cost information on which to base 
prices for materials and services furnished to 
outsiders, and (4) other needed information to 
all levels of management, 


Oak Ridge National Laboratory 


The radioisotope distribution program was 
started at ORNL in August 1946 with a ship- 
ment of a few millicuries of '“C to the Barnard 
Free Skin and Cancer Clinic, St. Louis, Mo. 
Gillette noted that the irradiated units in the 
early stages of the program were packaged for 
shipment and sent to customers without any 
processing. In summarizing present practices, 
he said: 


The ORNL services offered at present are as fol- 
lows: special service irradiations; provision of the 
routine materials listed inthe ORNL Radio and Sta- 
ble Isotopes Catalog which are sold mainly as chlo- 
rides and nitrates in solution form; packaging and 
purification of Kr, 3H, Tar, and 18x, and special 
services consisting of the preparation of special 
compounds and sources as requested by customers. 

In terms of shipments, the growth of the radio- 
isotope distribution program has been constant for 
all isotopes through 1957. Since that time, the num- 
ber of shipments has been averaging slightly less 
than 13,000 per year. The income from sales has 
risen with the number of shipments and is now sta- 
blized at about $2 million per year except for un- 
usual sales, such as occurred in 1961 and 1962. 
During these two years, several isotopic power 
sources were sold and several large orders for 
81Cs were completed. 

The total radioisotope program cost has in- 
creased from about $1.5 million in 1954 to $3.5 
million in 1963. This change is primarily due to 
increases in the amount of "Cs and “Sr handled to 
provide material for fairly large-scale research 
use, power sources, and stockpiling .... The total 
value of inventoriable isotopes as a finished product 
was $1.77 million as of April 30, 1964. 


He concluded that the costs which are charged 
to the production of isotopes are department 
labor, maintenance labor, materials and sup- 
plies, technical services, costs from other di- 
visions, and utilities. Other costs, such as de- 
preciation, are related to the out-of-pocket cost 
accumulated for each product isotope. Table 
VII-1 and Fig. VII-1 show selected radioisotope 
production and sales data over the years. 
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Fig. VII-1 Sales of isotopes at ORNL, 1946-1963. 


Beauchamp noted that differences exist be- 
tween published and available specific activities 
of radioisotopes. Lowest values are given in 
the ORNL Catalog of Radio and Stable Isotopes, 


, and intermediate ones, in the ORNL Radio- 


isotopes Procedures Manual (USAEC Report 
ORNL-3633). Available specific activities are 
higher and are scheduled on a special basis, 
for example: 





Specific activities, curies/g 





Product 
(after removal 





Isotope Catalog Manual from reactor) 
Scr =100 733 1200 
*Fe 10 20 40 





Beauchamp also reviewed ORNL-3633, as 
well as target selection and preparation, irra- 
diation, processing, analytical techniques, and 
Shipping. He concluded, “One must do the work 
to learn the art.” 

Case noted that short-half-life fission prod- 
ucts are prepared by short-term irradiation of 
enriched (>90%) **U. The fission products of 
interest are: “°Ba-" La, “Ce, 157, ®Nb, “3pr, 
“Ru, “sr, '3xe, and ®Zr-"Nb, He pointed out 
that chemical separation is required soon after 
discharge of the uranium target from the reac- 
tor because of the short half-lives of the prod- 











ucts, 
In a second paper Case noted that the general 
Principles of gas handling (vacuum pumping, 
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542,648 gy cold-trap pumping, leaktight systems, and pro- 
320, ——____—— — —- 
L ALL ISOTOPES | aie tection against contamination) apply also to 
280 +} MBICURIES radiogas processing. 
[ DOLLARS 2600 Beaver described the ORNL 86-in. cyclotron, 
g M0) sooo & ~—Sié« See J. J. Pinajian and T. A. Butler, ORNL 86- 
5 200 | F in.-Cyclotron Facility for Isotope Production, 
. 1800 y Isotopes Radiation Technol., 1(2): 137-43 (Win- 
ad i ter 1963—1964).] He said that the cyclotron was 
3 120 | < operated 52% of the scheduled time in 1963 and 
2 {1000 8 that 40 different radioisotopes were produced 
mi 7 ‘ in some 280 separate service irradiations. 
40 | } 
J . a Mound Laboratory 
1946 48 50 52 54 56 58 60 62 


Lonadiery said that, beginning in 1960, the 
source-manufacture responsibility at Mound was 
turned over to private industry. The laboratory 
now makes only special sources that cannot be 
produced by industry but still supplies pro- 
cessed polonium. Sales have increased from 
about 2000 curies/year in fiscal year 1955 to 
a peak of about 9000 curies in fiscal year 1959; 
they decreased to about 5000 curies in fiscal 
year 1963. These sales include those to both 
AEC and private industry. The cost of *!°Po is 
$25/curie. Production of 7!°Po is discussed in 
Sec. I of this review. 


Savannah River Plant 


In discussing the Savannah River plant ca- 
pacity, Allen said that, if a reactor charge was 
designed to produce only cobalt, many tens of 
millions of curies per reactor could be pro- 
duced in configurations with a maximum width 
of 3 in., in addition to about 8 million curies 
that could be produced (under current operat- 
ing conditions) in 0.94-in. slugs. The overall 
cost of a Co source includes costs for slug 
fabrication, irradiation, shipping, a reencapsu- 
lation after irradiation, and sales, Slug fabrica- 
tion and irradiation costs are shown in Table 
Vil-2. He noted that the base irradiation cost 
today is less than the lowest AEC price of $0.50/ 
curie, and this cost includes the usual charges 
noted by Gillette. 


Brookhaven National Laboratory 


Richards mentioned that the Brookhaven Pro- 
cedures Manual, USAEC Report BNL-864, apre- 
liminary draft of which was distributed at the 
meeting, did not mention a few other isotopes 
that are available from Brookhaven, for exam- 
ple, *Ar, Cu, ‘I, and “y beads. He noted 
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that the number of all shipments of isotopes 
over the years shows a gradual increase, but 
the number of users is erratic. There has been 
a drop in expenses due to an increase in effi- 
ciency and a reduction in personnel. Figure 
VII-2 shows the expenses and dollar values of 
radioisotopes shipped from 1959 to 1963, Figure 
VII-3 shows the trends in shipments of radio- 
isotopes in the same years, 

Richards also discussed radioisotope pro- 
cessing facilities, which are described in detail 
in BNL-864, and, in describing “*F production 
and processing, made the following points: 

1, Fluorine-18 is the only isotope of fluorine 
with a half-life long enough to be of value as a 
tracer. 

2. Its half-life of 112 min creates problems 
in production and distribution at any distance 
from the production site. 

3. In spite of these problems, there is in- 
terest in '*F in certain medical applications. 
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He mentioned applications such as annihila- 
tion gamma scanning and bone scanning and 
said that '°F is particularly valuable in medical 
uses where low doses are desired. Millicurie 
amounts can be made in the reactor by irra- 
diation of lithium-oxygen compounds (usually 
Li,CO;) with thermal neutrons [®Li(n,/)‘He; 
'6O(1,n)'*F|. Accelerator production is also 
feasible. 


Flovd described the Brookhaven Graphite Re- 
search Reactor. (See Graphite Research Reac- 
tor Facilities and Services Guide, Brookhaven 
National Laboratory, June 1960). 


Hillman summarized the capabilities of the 
BNL 62-in. cyclotron and the policies for use 
of this instrument, He noted that the cyclotron 
is equipped for acceleration of alphas, deuter- 
ons, protons, and *He ions with energies of 42, 
21, 10.5, and 31 Mev, respectively. Both in- 
ternal and external beams are available, Inter- 
nal beams of about 50 ya and external beams of 
30 to 50 ua are practical for use, The facility 
is designed primarily for research purposes 
for the staff at Brookhaven, and production time 
is limited. 


He also described a Texas Nuclear Corp. 
neutron generator that is currently being set up 
for research, This instrument is capable of 
delivering 2.8- and 14.7-Mev neutrons, which 
are obtained by the ?H(d,n)*He and °H(d,n)*He 
reactions, respectively. Deuterons are accel- 
erated by a potential of 150 kv and strikea 
target containing *H or *H. With a fresh target 
the machine will be capable of delivering up to 








1963 


a” Te 


Ba OTHERS 








RELATIVE ACTIVITY 


2, No. | 


rihila- 
ig and 
edical 
licurie 

irra- 
isually 
,t)*He; 
s also 


ite Re- 
Reac- 
khaven 


of the 
or use 
clotron 
jeuter- 
s of 42, 
oth in- 
, Inter- 
2ams of 
facility 
irposes 
ion time 


r Corp. 
> set up 
yable of 
, which 
(d,n)*He 
» accel- 
strike 4 
h target 
ng up to 








Fall 1964 


2x10! neutrons/(cm’)(sec) or about 2 x 10% 
neutrons/(steradian)(sec) for 14,.7-Mev neu- 
trons and 10° neutrons/(steradian)(sec) for 2.8- 
Mev neutrons; it can also be used for produc- 
tion of thermal neutrons, 15-Mev protons, 
20-Mev gammas, and X rays and will be 
equipped with a pneumatic device for fast ir- 
radiations. Policies for its use are the same 
as those for use of the cyclotron. 

Generators or “milkers” are systems by 
which a desired radioisotope can be separated 
from its longer lived parent. Hillman showed 
the curve in Fig. VII-4, which illustrates the 
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and "7, Iodine-132 is completely removed at time 0 
and 1 day, 


activity of a daughter in a generator before and 
after milking. [For review, see M. W. Greene, 
R, F. Doering, and Manny Hillman, Milking 
Systems: Status of the Art, Isotopes Radiation 
Technol., 1(2): 152-3 (Winter 1963—1964).] Hill- 
man said that milking systems are designed so 
that they will be easy and safe to handle and 
transport, simple and fast to use, and eco- 
nomical, < 

He described several generators listed in the 
Brookhaven manual. These are based on ion 
exchange, solvent extraction, and distillation 











| Methods include use of a charged wire to col- 


and precipitation. He noted that other possibile 
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Table VII-3 POTENTIAL MILKING SYSTEMS 








Daughter Half-life Parent Half-life 
“Sc 4.0 hr ad | ~100 years 
118Te 25 min BImT 1.2 days 
1298Te 67 min itn, 33 days 
2% Te 9.3 hr Stet. 105 days 
2K 12.4 hr @ar 35 years 





lect a daughter from a gaseous parent, and 
electrolysis. 


Table VII-3 lists a number of possible gen- 
erators for the future. The ‘’K generator will 
be Brookhaven’s first with a gaseous parent, 
The tellurium “ground-state” generators are 
of theoretical interest because the parent is 
also tellurium and the “Ti parent of “‘Sc has 
the longest half-life (around 100 years) of any 
parent for generators in which the Brookhaven 
group is interested. 


In describing reactor-induced triton reactions, 
he noted that tritons can be produced in a re- 
actor by the *Li(,/)‘He reaction, the amount of 
®Li consumed depending on flux. Figure VII-5 
shows that the number of neutron reactions per 
unit thickness will also vary with thickness for 
pure *Li, Lithium thicknesses of <100 » gave 
the best results when it was important to achieve 
high specific activity in the product or to min- 
imize the volume of material to be processed, 
In practice, however, this thickness must be 
corrected for dilution by the secondary target 
and other diluents. 


Hillman also described some of the problems 
associated with using the triton reaction method, 


n 





? 
! 
| 


re 





TRITONS/UNIT THICKNESS, arbitrary units 
° 


| 
I 





10 
THICKNESS, yu 


Fig. VII-5 Triton yield and thickness of ®Li. 












































92 ISOTOPES AND RADIATION TECHNOLOGY. Vol. 2, No.1 § Fall] 


These include production of heat, low-energy been appointed to head this new branch. His AEC 
availability for triton reactions in a reactor, former position of Technical Assistant to the A) 
and tenacity of *H for many materials at its Director has been abolished. and 
removal during processing. Arnold Berman has been appointed Chief ofa } new 


newly established Thermal Applications Branch, | sinc 
Along with development of thermal applications Tl 


AEC Activities of radioisotopes, this new branch will accom- | othe 
modate all of the functions of the Production | Nati 

New DID Organization Chart and Materials Branch, which has been abolished, | rout 
Other divisional units have been renamed and ! 10 « 


Reorganization of AEC’s Division of Isotopes 
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Joseph E, Machurek, formerly Chief of the ; , _ 
Marie New title Former title the 1 
Radiation Development Branch, has been ap- Fi 
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AEC Ends Routine ®5Sr Production 


AEC withdrew from the routine production 
and distribution of ®Sr on October 15, and no 
new orders for the isotope have been accepted 
since August 15, 

The new action adds ®Sr to a list of seven 
other isotopes, produced mainly by Oak Ridge 
National Laboratory, recently withdrawn from 
routine AEC distribution. There are presently 
10 domestic distributors of the isotope, and 
prices published by the producers are believed 
to be reasonable, Additional organizations were 
expected to begin producing the isotopes at about 
the time of AEC’s withdrawal. 

Five other isotopes— Cr, *Fe, *Co, ‘Cs, 
and “'Ce—vwere similarly withdrawn [/sotopes 
Radiation Technol., 1(3): 291 (Spring 1964)]|, and 
two others—‘*] and '*41—are produced only 
when higher quality fission-product material is 
required. AEC also continues the policy it es- 
tablished in 1961 of supplying ®Co only when 
commercial producers cannot meet require- 
ments under conditions of time, quality of prod- 
uct, or reasonable price. AEC’s general policy 
is to discontinue providing materials or ser- 
vices that are reasonably available from com- 
mercial sources. 


Proposal To Ease Medical Uses 


AEC proposes to simplify regulations on med- 
ical uses of radioiodine, radiocobalt, and "Cr, 

Under the new plan a physician files a regis- 
tration form with the AEC and is authorized 
thereafter to procure the radiopharmaceuticals 
upon receipt of a registration number from AEC, 

This would be done by establishing a general 
license, for which no application to the AEC is 
required, for the use of '*"I as sodium iodide 
for measurement of thyroid uptake and as io- 
dinated human serum albumin for determination 
of blood and blood plasma volume; ®Co or Co 
for measurement of intestinal absorption of 
cyanocobalamin; and *'Cr as sodium radiochro- 
mate for determinations of red blood cell vol- 
umes and survival time. A specific license from 
the AEC, or from a state with which the Com- 
mission has an agreement, now is required for 
these medical uses. 7 


Two States Assume Authority 


Florida and North Carolina recently became 
the seventh and eighth states to assume part of 
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the AEC’s regulatory authority over the use of 
radioactive materials. 

Under the agreement the states will assume 
AEC’s present regulatory responsibility for 
licensing, rule-making, and enforcement of the 
uses of radioisotopes, atomic energy source 
materials (uranium and thorium), and small 
quantities of fissionable material. There are 
about 260 AEC licenses in Florida and 185 in 
North Carolina. The states’ boards of health 
are responsible for carrying out the radiation- 
control program. 

The six other states that have previously 
executed similar agreements with AEC are 
Kentucky, Mississippi, California, New York, 
Texas, and Arkansas, 


General License Established 
for Ownership of Radioisotopes 
Under New AEC Amendment 


Under a new amendment to AEC regulations, 
a general license is established for ownership 
of radioisotopes in any quantity. This license 
requires no application to the Commission but 
does not authorize possession, use, import, or 
export of the material. 

This means that a firm or individual, for 
example, no longer needs a specific AEC li- 
cense to buy radioisotopes from a licensed man- 
ufacturer and have it shipped directly to a li- 
censed user. 

AEC believes it is desirable to issue a gen- 
eral license since ownership alone presents no 
radiation-safety problems. A similar general 
license already exists for the source materials 
uranium and thorium, The action is intended to 
simplify licensing requirements in cases where 
firms or individuals take title to, or transfer 
ownership of, radioactive material without ever 
having possession of it. The rule change to 
Part 30, “Licensing of Byproduct Material,” 
became effective 30 days after publication in 
the Federal Register on July 21. 


AEC—Department of Agriculture 
Cooperative Developmental Program 


A cooperative program between AEC and the 
U. S. Department of Agriculture (USDA) on ways 
to control insects in stored grain without the 
use of insecticides is typified in a new grain 
irradiator (Fig. VII-6). Vitro Engineering Co., 
New York, recently was given a contract to de- 
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Fig. VII-6 Cobalt-60 bulk grain irradiator. 


sign and supervise construction of this experi- 
mental facility at USDA’s Stored-Product In- 
sect Laboratory at Savannah, Ga. Operation of 
the irradiator is expected by July 1965, It will 
treat 2'/, tons of grain an hour. Commercial 
models probably would operate at 250 tons an 
hour, 


AEC Seeks Public Comments 

on Formal Procedures for Withdrawal 
from Routine Production 

and Distribution of Radioisotopes 


The USAEC has published for public com- 
ment proposed formal procedures for Com- 
mission withdrawal from routine production and 
distribution of radioisotopes that are reasonably 
available from commercial producers. In doing 
so, the Commission reaffirmed its policy and 
intent to transfer its commercial radioisotope 
production and distribution activities to private 
industry as rapidly as possible, consistent 
with the overall national interest. The Com- 
mission would continue to produce some radio- 
isotopes as necessary for governmental use or 
sale. 

Under the procedures the Commission may 
withdraw either voluntarily or when industry 
files a formal petition. The contemplated pro- 
cedural steps and withdrawal guidelines were 
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published in the Federal Register, Sept. 16, 
1964, and may be obtained from the Isotopes 
Sales Department, Isotopes Development Center, 
Oak Ridge National Laboratory, P. O. Box X, 
Oak Ridge, Tenn., 37831. Interested persons 
are asked to submit written comment to the 
Secretary of the Commission by Nov. 14, 1964, 


Availability of lsotopes 
and Services 


Mound Laboratory To Distribute 
Enriched Gaseous Isotopes 


-Mound Laboratory has recently taken over the 
handling and distribution of enriched gaseous 
isotopes for the AEC, Gases separated both at 
ORNL and at Mound are involved and include 
‘He, as well as enriched isotopes of neon, argon, 
krypton, and xenon, which are, or will ulti- 
mately be, included in the program. 


General 


90S, Powers Navigational Aids 
in Lighthouse, Atlantic Ocean 


Two power sources recently were placed in 
operation—the first U. S. Coast Guard nuclear- 
powered lighthouse and an Atlantic Ocean deep- 
water device. 

An isotopic power generator developed for the 
AEC is operating an unmanned beacon in Balti- 
more Lighthouse located at Chesapeake Bay, 
Md., south of Baltimore. It began operation on 
May 20, 

The 60-watt generator — designed to operate 
unattended for 10 years—supplants bdtteries 
that had to be replaced every year. In abouta 
year it will be moved to a lighthouse in a re- 
mote location, not yet selected, where it will 
replace batteries or diesel engines. 

The nuclear generator is 34'/, in. in height 
by 22 in. in diameter, It weighs about 4600 bb, 
including shielding. The generator is fueled 
with “Sr, A special high-strength corrosion- 
resistant metal, Hastelloy C, encases the 4 
fuel capsules. Inside the generator, heat from 
the decaying fuel is converted into electricity 
through i20 pairs of lead telluride therm0 
couples which surround the fuel. 
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The Atlantic Ocean source, a “Sr generator 
composed of parts fabricated at Oak Ridge 
atomic energy installations, is powering navi- 
gational aids 750 miles off the east coast of 
Jacksonville, Fla., at a depth of 15,000 ft. It 
began operation on July 13, 1964. 

The generator is designed to provide about 
7 watts of continuous electric power for at least 
2 years. It is 14%, in. in height and 9% in. in 
diameter. 

The Nuclear Division of the Martin Company, 
Baltimore, Md., developed both generators. 


Squibb Builds $2 Million Plant 


A $2 million radiopharmaceutical plant re- 
cently was completed at E. R. Squibb & Sons 
site in New Brunswick, N. J. 

The new manufacturing laboratory will more 
than double the company’s capacity for making 
labeled compounds, 

Squibb, a division of Olin Mathieson Chemi- 
cal Corp., entered the radiopharmaceutica} 
field in 1957 and now makes about 60 labeled 
compounds. Orders are currently filled on a 
prescription basis. 

Production in Squibb’s radiopharmaceutical 
manufacturing unit is on a laboratory scale. A 
large portion of the cost of the facility went 
into the elaborate provisions needed to protect 
personnel from radioactivity: shielding, remote- 
control units, special air conditioning, and fa- 
cilities for disposal of radioactive wastes, 

Each shipment that goes out must be pre- 
pared so that its level of radioactivity will be 
at the specified level on the day the physician 
plans to administer it to the patient. Future 
radioactivity levels must be calculated in ad- 
vance and the current level checked carefully 
a8 the sample leaves the laboratory. More than 
90% of the prescriptions are packaged and 
Shipped by air the same day the orders are 
received, 


low-Energy X-Ray, Gamma Sources 
Production, Properties, Uses 
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Topics of October Symposium 


A symposium on low-energy X-ray andgamma 
Sources and their applications was scheduled 
for October 20-21 at the Illinois Institute of 
Technology Research Institute (IITRI), Chicago. 
Cochairmen of this symposium were to be 
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James W. Hitch, AEC, and Leonard Reiffel, 
IITRI. 

The tentative program is shown on the follow- 
ing page. 

Presiding on October 20 will be Leonard 
Reiffel, Director of Physics Research, liTRI, 
and G. J. Rotariu, DID. At the medical session 
on October 21, H. N. Wagoner, Assistant Pro- 
fessor of Medicine and Radiology at Johns Hop- 
kins University, and E. Dale Trout, Director of 
the Radiation Laboratory at Oregon State Col- 
lege, will preside. 

The program committee comprised G. J. 
Rotariu (DID), L. E. ‘Preuss (Edsel B, Ford 
Institute), P. S. Baker (ORNL), Leonard Reiffel 
(IITRI), and H. D. Bruner (AEC), Local arrange- 
ments were made by William Finnegan, IITRI. 


Paint Flecks Convict Burglar 


Evidence from neutron-activation analysis 
recently helped to convict a private detective 
with no previous criminal record in the bur- 
glary of a San Francisco liquor store. 

Paint flecks on a tire iron were found to 
match those from the jimmied door and the 
culprit’s car. Vincent P, Guinn, General Dy- 
namics Corp., and associates carried out the 
analysis. The incident is reported in the Au- 
gust 7 issue of Time. 


Translations Available 


As part of the effort to cover the foreign 
literature in the isotopes field, selected ar- 
ticles are translated by members of the ORNL 
isotopes Development Center. These are avail- 
able through usual USAEC information dissemi- 
nation channels (see front cover), Some of the 
recent translations of interest in the field of 
production and applications of isotopes are: 


i. AEC-tr-6138: H. H. Stamm and H. J, 
Schroeder, Paper Chromatographic Separation 
of Radionuclides with Iron(II[) Hydroxide as 
Carrier, J. Chromatog., 10: 392-5 (1963) (in 
German; translated by J. J. Pinajian). 

2. AEC-tr-6163: K. Wagner, Some Studies in 
the Production of Carrier-free ‘Be by Bombard- 
ment of Lithium with Deuterons in the Cyclo- 
tron, Kernenergie, 6: 121-2 (1963) (in German; 
translated by J. J. Pinajian). 

3. AEC-tr-6305: J. Mikulski and I, Stronski, 
Separation of Cr**+, Mn’*+, and Fe°* by Ion Ex- 








October 20 


Programmatic Objective 


Important Considerations in the Production 
of X-Rays from Radioisotopes 


Recent Developments in the Production of 
Low-Energy- Emitting Radioisotopes 


Compilation of Beta-Excited X-Ray Spectra 


Containment Considerations When Using 
Low-Energy-Emitting Radioisotopes 


Bremsstrahlung from %Sr in Thin Absorbers 


Americium-241 as a Non-Destructive Testing 
Tool for the Aircraft and Space Industry 


Analysis and Measurement of Materials with 
Low-Energy Radiation 


Portable Fluorescent X-Ray Developments 


Some Applications of Low-Energy Radiation 
from Radioisotopes 


Industrial Analysis of "Pm X-Rays for Ra- 
diography and Imaging Readout . 


Round-Table Discussion 


October 


Use of 5] for Intra-Oral X-Radiography 


Radioisotopic Device for Measuring Bone 
Mineral 


Use of Monochromatic Low-Energy X-Rays 
for Body Composition Measurements 


In-Vivo Measurement of Bone Mineral Content 
by Transmission Techniques 


An Autofluorography System for Use with 
Iodine-125 


A Portable Device for Chest Radiography and 
Other Applications 


Recent Research Developments at Polaroid 
Corporation and Their Application to Low- 
Energy Radiography 


Proton-Excited X-Rays and Applications 


The Generation and Practical Use of Mono- 
energetic X-Rays from Alpha-Emitting 
Isotopes 


J. W. Hitch, Division of Isotopes Development, 
AEC 


Charles Terrell, IITRI 


Neil Case or R, Pressly, Oak Ridge National 
Laboratory 


Luther E, Preuss, Edsel B. Ford Institute 


Thomas Lahr, 3M Company 


Thomas Bustard, Martin Company 


Gordon Locher, Western Radiation Laboratory 


Charles Badgett, Industrial Nucleonics 
Corporation 


J. O, Karttunen, Argonne National Laboratory 


Harry Dooley, U. S. Radium Corporation 
E. Coleman, Picker X-Ray 


Leonard Reiffel, IIT RI 
James Hitch 

Farno Green, Viso Corp. 
Luther Preuss 

Neil Case or R, Pressly 


21 


Rune S, A, S$§remark, Harvard School of Den- 
tal Medicine 


Lawrence Lanzl and Nels Strandjord, Univer- 
sity of Chicago 


John Cameron and James Sorenson, University 
of Wisconsin 


Leonard Goodman, ANL, and Bertrand Levin, 
Michael Reese Hospital, Chicago 


Michel Ter-Pogossian, Mallinckrodt Institute, 
Washington University 


Farno Green 


Herbert J. Frede, Polaroid X-Ray Research 
Laboratories, Waltham, Mass. 


Andrew Sterk, AMF Atomics, Alexandria, Va. 


Charles Ziegler, Parametrics, Waltham, Mass. 
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change, Isotopen Tech., 2: 69-70 (1962) (inGer- 
man; translated by J. J. Pinajian). 

4. AEC-tr-6351: P. Schiller, Application of 
p-Backscattering to the Determination of Au, 
Ag, Sb, Zn, and Ca in Pharmaceutical Prepara- 
tions, Kernenergie, 6: 514-6 (1963) (in German; 
translated by J. J. Pinajian). 

5. ORNL-tr-24: H. Hugli, J. Peter, and 
P, Tempus, Installation for the Production of 


| Radioisotopes, Neue Tech., 5: 542-7 (1963) (in 


German; translated by J. J. Pinajian). 

6. ORNL-tr-34: J. Mikulski, Investigations 
of the Extraction of Metal Ions Using Radioiso- 
topes. Communication 3. Extraction of Mn(II), 
Fe(III), Co(II), Cu(II), and Zn(II) Ions with 8- 
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Eydroxyquinoline-N-Oxide, Kernenergie, 6: 71- 
2 (1963) (in German; translated by Joe F. Allen). 
7. ORNL-tr-93: V. A. Sokolov, "I, 23 pp., 


Gosatomizdat, Moscow (1963) (in Russian; trans- 
lated by Martha Gerrard). 


8. ORNL-tr-104: R. Miinze, L. Baraniak, 
G. Reinhard, and W. Leuschke, Plant-scale Pro- 
duction of Carrier-free **P, Kernenergie, 6: 
489-93 (1963) (in German; translated by J. J. 
Pinajian). 

9. ORNL-tr-205: E. Hatzopoulos, A New Ap- 
paratus for Generation of ‘I, J. Inorg. Nucl. 
Chem., 25: 462-3 (1963) (in French; translated 
by J. J. Pinajian and Martha Gerrard). 
































NUCLEAR SCIENCE ABSTRACTS 


The U. S. Atomic Energy Commission, Division of Technical Information, pub- 
lishes Nuclear Science Abstracts (NSA), a semimonthly journal containing ab- 
stracts of the literature of nuclear science and engineering. 


NSA covers (1) research reports of the U. S. Atomic Energy Commission and 
its contractors; (2) research reports of government agencies, universities, and 
industrial research organizations on a world-wide basis; and (3) translations, 
patents, books, and articles appearing in technical and scientific journals. 


Complete indexes covering subject, author, source, and report number are in- 
cluded in each issue. These are cumulated quarterly, semiannually, and annu- 
ally providing a detailed and convenient key to the literature. 


Availability of NSA 


SALE NSA is available on subscription from the Superintendent of Documents, 
U. S. Government Printing Office, Washington, D. C., 20402, at $30.00 per year 
for the semimonthly abstract issues and $22.00 per year for the four cumulated- 
index issues. Subscriptions are postpaid within the United States, Canada, 
Mexico, and all Central and South American countries, except Argentina, Brazil, 
British and French Guiana, Surinam, and British Honduras. Subscribers in 
these Central and South American countries, and inall other countries through- 
out the world, should remit $37.00 per year for subscriptions to semimonthly 
abstract issues and $25.00 per year for the four cumulated-index issues. 


EXCHANGE NSA is also available on an exchange basis to universities, research 
institutions, industrial firms, and publishers of scientific information. Inquiries 
should be directed to the Division of Technical Information Extension, U. S. 
Atomic Energy Commission, P. O. Box 62, Oak Ridge, Tennessee, 37831. 














TECHNICAL PROGRESS REVIEWS may be purchased from Superintendent of Documents, U. S. Govern- 
ment Printing Office, Washington, D. C., 20402. Jsolopes and Radialion Technology at $2.00 per year for 
each subscription or $0.55 per issue; the other four journals at $2.50 per year and $0.70 per issue. The 
use of the coupon below will facilitate the handling of your order. 


POSTAGE AND REMITTANCE: Postpaid within the United States, Canada, Mexico, and all Central and 
South American countries except as hereinafter noted. Add $0.50 per year,or $0.15 per single issue for 
the /solopes and Radiation Technology journal and $0.75 per year or $0.20 per single issue for the other 
four journals for postage to all other countries, including Argentina, Brazil, British and French Guiana, 
Surinam, and British Honduras, Payment should be by check, money order, or document coupons, and 






























(Each subscription $2.50 per year; $0.70 per issue.) 
[ ] ISOTOPES AND RADIATION TECHNOLOGY 
(Each subscription $2.00 a year; $0.55 per issue.) 


MUST accompany order, Remittances from foreign countries should be made by international money 
order, or draft onan American bank, payable to the Superintendent of Documents, or by UNESCO book 
Coupons. 
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SU PERINTENDENT OF DOCUMENTS 
U. S. GOVERNMENT PRINTING OFFICE , SUPERINTENDENT OF DOCUMENTS 
WASHINGTON ‘ D. C., 20402 | U. S. GOVERNMENT PRINTING OFFICE 
| WASHINGTON, D. C., 20402 
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document coupons | check | money order | | | (Print clearly) \ 
Charge to Superintendent of Documents No. | | 
| 
Please send a one-year subscription to ; Name 
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